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Introduction 1

1 Introduction

1.1  Atherosclerosis, clinical implications and risk factors

Cardiovascular diseases (CVDs) are the number one cause of death globally, comprising
17.7 million cases every year (status of 2015, WHO). The pathology of CVDs includes
coronary heart and cerebrovascular diseases with their acute implications of myocardial
infarction (MI) and stroke, as well as peripheral artery disease and other malfunctions.
Being a chronic inflammatory disorder, atherosclerosis represents the underlying
pathogenesis of the aformentioned clinical implications. Depending on the affected
artery, atherosclerosis can lead to malfunction and failure of the heart, kidney, brain and
other organs. The underlying mechanisms leading to atherosclerotic plaque development
and subsequent clinical symptoms are consistent, starting with endothelial dysfunction,
leukocyte infiltration and foam cell formation, lipid accumulation and necrotic core
formation, vessel constriction and eventual plaque rupture [120]. Risk factors that are
known to initiate or contribute to this progress include smoking, hypertension, diabetes,
dyslipidemia, obesity and others (American Heart Association, heart.org).

In the following section, the cellular mechanisms underlying the initiation and

progression of atherosclerosis will be discussed in particular.

1.1.1 Cellular and molecular interactions during atherogenesis

Although the understanding of the pathophysiology of atherosclerotic lesion formation
got expanded with the help of animal experiments and observations made in patients, still
gaps remain. Nevertheless, some of the processes and key players of atherogenesis got
unraveled. The response-to-injury hypothesis made by Russel Ross in 1999 [171]
describes a dysfunction of endothelial cells being the initiation step in atherosclerosis.
Due to their position as the inner lining of vessel walls, endothelial cells act as a barrier
and sensor between the blood and vasculature. Many stimuli known to induce endothelial
dysfunction are a result of the aforementioned risk factors associated with CVD:
hemodynamic forces and reactive oxygen species (hypertension, diabetes), biochemically
modified components like oxidized lipoproteins (dyslipidemia) or encounter with
infectious agents like bacterial endotoxins or environmental toxins (smoking) and
subsequent inflammatory responses lead to the activation of the endothelium [66, 144].

Hence, endothelial cells play a crucial role in first line immune responses along with
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classical immune cells like macrophages. Under homeostatic conditions, leukocytes that
are transported via the blood hardly enter the endothelium and migrate into the
subendothelial space (Figure 1, A). In terms of endothelial activation, CC-chemokine
ligand 2 (CCL2) and other chemokines as well as adhesion molecules like intercellular
adhesion molecule 1 (ICAM-1) are induced in their expression and attract and mediate
the binding of leukocytes to the endothelium [180].

Endothelial cell

A B QMO"MW - Tcell

Thrombus
formation
Fibrous cap
rupture

padli N <
O Dividing SMC u
Apoptotic .

|90, €N

Apoptotic o \

A R\ < <> _— <
Foam Cholesterol Vasa Migrating T G G T T e T <
cell  crystal vasorum SMC

: Figure 1: Stages of atherosclerotic plaque development. The healthy artery consists of three layers,
namely tunica intima which is located next to the endothelium, tunica media which is the main regulator of
vasocontriction and vasodilatation and the tunica adventitia, which is responsible for the arteries structure
and nutrition supply. Under homeostatic conditions, leukocytes that are transported via the blood hardly
adhere to and transmigrate through the endothelium that builds a consistent barrier between blood and
tunica intima (A). Upon endothelial dysfunction monocytes are attracted and adhere to the endothelium.
After transmigration into the subendothelial space, monocytes differentiate into macrophages or dendritic
cells. The latter is known to initiate an adaptive immune response via T-cells. In the tunica intima,
macrophages engulf accumulated lipids and become foam cells (B). Atherosclerotic plague progression
includes the proliferation and migration of smooth muscle cells (SMC) into the tunica intima and increased
production of extracellular matrix molecules like collagen, which together form a fibrous cap structure. The
permanent inflammatory environment results in apoptosis, accumulation of apoptotic bodies, lipids and cell
debris forming a lipid or necrotic core (C). If the fibrous cap ruptures, components of the plaque are exposed
to the blood, activating tissue factors and subsequent the coagulation cascade, leading to thrombus

formation (D). Adapted from [121].
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This process is exacerbated by reduced expression of endothelial nitric oxide synthase

and subsequent reduced nitric oxide (NO) production [59].

In parallel, endothelial permeability is increased, facilitating the entry of low-density
lipoprotein (LDL) harboring cholesterol as well as bound leukocytes into the tunica
intima [10]. The majority of leukocytes binding and migrating into the subendothelium
are monocytes, in more detail CCR2 expressing Ly6c"9" monocytes being attracted by
CCL2 [37, 199]. After migration, resident monocytes differentiate into tissue
macrophages that engulf lipoprotein particles by endocytosis. These phagocytes are
called foam cells because of their soft and foamy microscopic appearance and are known
to accelerate atherogenesis by increased pro-inflammatory cytokine expression and
release [17]. In the early stages of atherosclerosis these foam cells and invaded lipoprotein
particles form so-called fatty streaks which are the precursors of atherosclerotic lesions.
Berenson et al. examined children and young adults beween 2 and 39 years of age and
found in all studied persons fatty streaks in the aorta, highlighting that atherosclerosis is

an early-developing, progressive disease [18].

Monocytes that migrate into the subendothelial space not only give rise to macrophages
that predominantly exhibit proinflammatory functions like TNF-a expression, but are also
the origin of dendritic cells that act as antigen presenting cells initiating an adaptive

immune response leading to the activation of T-cells [70, 125] (Figure 1, B).

A progressing atherosclerotic lesion also involves smooth muscle cells (SMC) that in
mice are exclusively abundant in the tunica media, in humans in the tunica media and
tunica intima as well. Under homeostatic conditions this cell-type regulates
vasoconstriction and vasodilation, but migrates into the tunica media in terms of an
atherogenic environment. One of these atherogenic triggers is the already mentioned
reduced endothelial NO production leading to increased migration of vascular SMCs
[175].

Once resident in the tunica intima, SMC tend to proliferate upon different stimuli like
platelet derived growth factor (PDGF) that is expressed by activated macrophages and
endothelial cells [99]. By producing extracellular matrix molecules like collagen, SMCs
cover the growing atheroma with a fibrous cap that separates pro-coagulant material in
the plaques core from coagulation proteins in the blood, a feature that is associated with
resistance to plaque rupture [122, 159] (Figure 1, C). Maintained inflammatory signals in

the growing atherosclerotic plaque lead to induction of anti-phagocytic signals like CD47
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resulting in impaired efferocytosis which means reduced or no engulfment of apoptotic
cells by phagocytes [105]. Of note, Kojima et al. observed that carriers of the chromosome
risk locus 9p21, which is known to promote cardiovascular diseases, show a dysfunctional
clearance of apoptotic smooth muscle cells in atherosclerotic plaques [104]. Impaired
efferocytosis results in an accumulation of apoptotic cells, debris, lipids and pro-
inflammatory mediators that form a necrotic core inside the atherosclerotic plaque [106].
The growing atheroma can lead to stenosis and ischemia of the tissue that relies on the
blood supply via the affected artery. One clinical manifestation for this scenario is the
peripheral artery disease where patients suffer from pain in the affected limb and a poor
circulation. If the atherosclerotic plaque becomes unstable because of increased
inflammatory cells and no or a minor fibrous cap and a disruption occurs, coagulation
leads to a thrombus formation (Figure 1, D). Although this process could pass unnoticed,
the thrombus might migrate with the blood flow, leading to an occlusion of coronary
arteries which results in a myocardial infarction. If the thrombus occludes cerebrovascular

arteries, decreased cerebral perfusion and ischemic stroke might be a result [77].

1.2 Clinical practice: Lipids first, inflammation second?

Although Virchow observed already in 1856 “inflammation of the inner arterial coat to
be the starting point of the so-called atheromatous degeneration”, (chronic) inflammation
is not listed as one of the major risk factors in the “European Guidelines on cardiovascular
disease prevention in clinical practice” [155]. Assessment of inflammatory biomarkers is
not recommended for overall CVD riskestimation. The current clinical standard
concentrates on lipids as biomarkers and lipid-lowering drugs as therapeutics. This
approach is by no means just a matter of chance, since Nikolai Anitschkow already in
1913 demonstrated the link between hypercholesterolemia and atherosclerosis [140].
During the 1950s, great expenditures were made to elucidate the endogenous pathways
cholesterol is synthesized in the human body. It’s a complex, multi-step process, which
is tightly regulated by different transcription factors like sterol regulatory element—
binding protein (SREBP) 2 [84].
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Finally, it was discovered that the rate limiting step of cholesterol synthesis is the
reduction of 3-Hydroxy-3-Methylglutaryl-Coenzym-A to Mevanolate by the enzyme
HMG-CoA-Reductase (HMGCR) [20] (Figure 2).

CoA-SH
H3Q: 5 NADPH NADP* H3Q,’ 0
HO o HO o
o HMG-CoA
Reductase
S-CoA OH
HMG-CoA mevalonate

 Figure 2: Structural chemical formula of the reaction of HMG-CoA to mevalonate. This process is
catalyzed by HMG-CoA-Reductase. Adapted from [53].

This finding was even honored with the nobel prize in 1964 and led to the investigation
of drugs inhibiting this reduction and leading to a blockade of cholesterol synthesis,
named statins. 23 years later, lovastatin became the first comercially avaiable HMGCR-
inhibitor produced by Merck. After this, in 1985 Michael S. Brown and Joseph L.
Goldstein were awarded the Nobel Prize “for their discoveries concerning the regulation

of cholesterol metabolism".

However, even under cholesterol-lowering statin treatment cardiovascular events occure,
which might be explained by a residual inflammatory risk. Additionally, different clinical
trials recorded data associating chronic inflammatory diseases like rheumatoid arthritis

[81] and periodontitis [15] with both atherosclerosis and its clinical manifestations.

Accordingly, inflammatory markers like high-sensitivity C-reactive protein (hs-CRP),
serum amyloid A (SAA) and Interleukin-6 (IL-6) correlate with the risk of cardiovascular
events and a combination of inflammatory markers and lipid levels even improved risk
prediction [164]. However, the hypothesis of reducing inflammation without affecting
lipid levels could have a benefit in terms of cardiovascular diseases remained clinically
unproven until 2017. Within the CANTOS trial, Ridker et al. showed that administration
of a monoclonal antibody against Interleukin-1p (IL-1B), named Canakinumab, reduced
the recurrence of cardiovascular events without affecting the patients lipid levels [163].
The authors point out that ,,statin-treated patients with residual inflammatory risk...have

future event rates that are at least as high as, if not higher than, those among statin-treated
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patients with a residual risk due to LDL cholesterol level ”. Hence, a combination of lipid

and inflammation treatment should be taken into consideration.

In previous experiments and clinical trials different other cytokines like TNF-o were
investigated as well as potential targets for cardiovascular treatment. In accordance with
our in-vivo study, two clinical trials named RENAISSANCE and RECOVER that both
used the TNF-a inhibitor etanercept in patients with heart failure observed no benefit or
even worsening of symptoms, although blocking TNF- o is a promising therapy in terms
of rheumatoid arthritis [36, 145]. Thus, an anti-inflammatory therapy needs to be chosen

and adjusted precisely to rule out side effects like a higher susceptibility to infections.

The cytokine IL-1p is activated by the multiprotein complex NOD-like receptor protein
3 (NLRP3) inflammasome. This complex mediates innate immune responses to infection
and cell stress signals like recognition of cholesterol crystals [49], disturbed flow patterns

[219] or moderate hypoxia [58].

Activation of the NLRP3-inflammasome is a two-step mechanism which requires a NFxB
activating “priming” step that is thought to induce NLRP3, pro- IL-1 and post-
translational protein modifications [14, 92]. This priming can be induced by activation of
receptors signaling via NFxB, for instance TNF-receptor or nucleotide-binding
oligomerization domain (NOD)-like receptor 2 [14, 60]. The second limiting step
involves the inflammasome complex assembly which is not fully understood yet [51].
Hereinafter, NLRP3 induces caspase-1 activation that leads to mature IL-1B. These
inflammatory responses can on the one hand drive a protective reaction against infections
but on the other hand can lead to unintended pathology in terms of non-pathogenic

endogenous stimuli and chronic inflammation.

Nevertheless, the NLRP3-inflammasome represents only one of many potential anti-

inflammatory pathways contributing to inflammation and atherogenesis.

1.3  Signaling and involvement of the NOD-like receptors NOD1 and

NOD?2 in inflammation and atherosclerosis

Pattern recognition receptors (PRR) are key regulators of the innate immune response
recognizing pathogen-associated molecular patterns (PAMPS) and activating conserved
signaling cascades. Various receptor types are subsumed in the PRR family like Toll-like
receptors (TLR), C-type lectin-like receptors (CLR), RIG-like receptors (RLR), cytosolic
DNA sensors and NOD-like receptors (NLR) [23].
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In humans, 22 members of the NLR family are known that all share a similar structure
based on three domains [225]. NOD1 was first described in 1999 [19] and, as NOD?2,
consists of the leucin-rich-repeat (LRR) domain that is essential for ligand recognition,
the central nucleotide-binding domain (NBD) which mediates oligomerization after
activation and the N-terminal caspase activation and recruitment domain (CARD) which
conveys the signal to downstream peptides (Figure 3). The cytosolic NLR NOD1 harbors
one CARD domain whereas NOD2 contains two such domains [68, 195].

NOD CARD
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: Figure 3: Schematic protein structure of NOD1 and NOD2. The Nod-like receptors NOD1 and NOD2 :
share a tripartite structure, which consists of the C-terminal located leucin-rich repeats (LRR), the central
nucleotide-binding and oligomerization domain (NOD) and the N-terminal caspase activation and
recruitment domain (CARD). NOD2 harbors two such CARD domains. l

NOD1 and NOD2 are predominantly activated by bacterial, monomeric peptidoglycan
fragments, so-called muropeptides, which belong to the class of PAMPs. The minimal
structure recognized by NODL is a diaminopimelic acid (iE-DAP), which is a typical
motif for cell walls of gram-negative bacteria [28]. In contrast, NOD2 is able to sense
gram-negative and gram-positive bacteria via recognition of muramyl dipeptide (MDP)
[67] as well as viral single-stranded RNA [173].

Although NOD1 and NOD2 are only found intracellularly, both are associated with
endosomal membranes or the cell membrane where the first encounter with pathogens
and their fragments takes place. These PAMPs enter the cell on different routes: Directly
via transporters expressed on the cell membrane such as Peptide transporter 1 (PEPT1),
a carrier for oligopeptides [88]. In most cases, muropeptides are internalized via clathrin-
dependent endocytosis and then released into the cytosol by endosomal oligopeptide
transporters [113, 134, 152]. Uptake of outer membrane vesicles (OMV) is another
described route that enables NOD-signaling [196].

NOD receptors are expressed by epithelial cells of various origin where the activation of
NOD1 and NOD?2 leads to antimicrobial peptide (AMP) expression [201]. The strong
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association of Crohn’s disease and NOD2 [146] points towards the intestine, where
especially in the ileum NOD2 is highly expressed and has a pivotal role in regulating the
homeostasis between host and gut microbiota, therefore being described as an “intestinal
gate keeper” [3]. Additionally, NOD1 and NOD2 expression was observed in a broad
range of immune cells like macrophages [227] and neutrophils [50] as well as endothelial
cells [150]. Of note, the ratio of NOD1 versus NOD2 expression varies between different
cell types.

1.3.1 NOD1 and NOD2 signaling

Under homeostasis, NOD1 and NOD2 rest in the cytosol in a folded conformation. Once
activated, they unfold and expose their CARD domain, enabling downstream signaling
[87, 133] (Figure 4).

Upon exposure, the adapter protein RIP2 binds onto NOD1 or NOD2 via CARD-CARD
interaction which leads to poly-ubiquitination of RIP2, executed by different E3 ubiquitin
ligases like TRAF6 or cellular inhibitors of apoptosis (CIAP) [80]. Afterwards, different
effector proteins are recruited and activated like TGF-B-activated kinase 1 (TAK1) [40,
102], I Kappa B Kinase-gamma (IKKy) and TNF recepor-associated factor 3 (TRAF3)
[24, 87]. The latter is known to positively control type | interferons via IRF transcription
factors [74].

Interaction of RIP2 with IKKy and TAKI1 results in the formation of the IKK complex
which phosphorylates IkB inhibitory proteins. After phosphorylation, these peptides are
removed by proteosomal degradation, liberating the transcription factor NF-kB. After its
translocation to the nucleus, NF-xB induces the transcription of various responsive target
genes, for example AMPs, chemokines and cytokines like TNF-a, IL-6, and IL-8 as well
as adhesion molecules like E-selectin, vascular cell adhesion molecule 1 (VCAM-1) and
ICAM-1 [150, 203, 208].

TAK1 also leads to activation of the mitogen-activated protein kinases (MAPK) p38 and
c-Jun N-terminal kinases (JNK) upon NOD stimulation [176]. Via this MAPK axis not
only genes are induced in their expression responsive for the transcription factor AP-1
but also posttranscriptional processes are regulated by MK2 [82] and the eukaryotic
translation initiation factor 4E (elF4E) [153].

Besides NOD2, autophagy gene (ATG) 16L1 has been linked to Crohns disease as well
[75] and Travassos et al. have shown that NOD1 and NOD?2 recruit this autophagy protein
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to sites of bacterial infection independently of NF-xB signaling [197]. Hence, Nod
activation also contributes to pathogen removal, subsequent antigen presentation and
adaptive immune responses by autophagy [179, 181].

Recently, the range of signals leading to NOD1 and NOD2 activation has grown, now
including damage-associated molecular patterns (DAMP) involved in sterile
inflammation settings like endoplasmatic reticulum stress and subsequent unfolded
protein repsonse [97], rearrangements of the cytoskeleton like actin disruption [115] and
hypoxic stress [12]. Saturated fatty acids were examined as NOD-activating DAMPs as
well, leading to insulin resistance in adipoctes [228]. Consequently, NOD1 and NOD2
proteins are not only important for pathogen recognition, but also crucial sensors for
intracellular stress signaling [98].
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: Figure 4: Signaling cascade after NOD-activation. Upon recognition of muropeptides including Tri-DAP
and MDP, NOD1 and NOD?2 signaling involves several kinases and other factors mediating transcription
factor induced expression of proinflammatory genes as well as interferons. Additionally, NOD signaling

also mediates autophagy, proliferation, differentiation and posttrancriptional processes.

1.3.2 NOD receptors during vascular inflammation and atherogenesis

Few data are already existing on the roles of NOD1 and NOD2 during vascular
inflammation and atherosclerosis. In the late 1990s it was observed that infectious agents
like the genomic DNA of Chlamydia pneumoniae are present in atherosclerotic samples
[131]. Afterwards, Opitz et al. showed that infection of human umbilical vein endothelial
cells (HUVEC) and human aortic endothelial cells (HAEC) with Chlamydia pneumoniae
results in IL-8 induction and subsequent endothelial activation in a NOD1-dependent

manner, emphasizing the immunological role of the vasculature [150]. The same group
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also observed a NOD1-mediated activation of the MAPK p38 signaling and IL-8
expression after inoculation of HUVECs with Listeria monocytogenes [151]. In line with
these observations, Wan et al. showed that NOD1 as well as NOD2 participate in
endothelial activation measured as E-selectin induction following Porphyromonas

gingivalis invasion [209].

Although the hypothesis that such infections potentiate atherogenesis and the risk of CAD
was strengthened in several animal studies that used antibiotics against pathogenic
infections and observed a cardiovascular benefit [7, 132], none of four large clinical trials
(WIZARD, ACES, CLARICOR and PROVE-IT-TIMI) demonstrated an improvement of
coronary event risk after antibiotic treatment [27, 71, 89, 143]. One explanation for these
contrary outcomes might be the unique role of the gut microbiota, which just in the last
years gained growing attention. Dependent on the duration and whether a broad-range or
more specific antibiotic treatment is used, the metabolism and composition of the gut
microbiota are disturbed leading to dysbiosis, which is known to contribute to diet-

induced vascular dysfunction [13, 32].

Thus, just recently it was investigated that long-term antibiotic administration even
worsens atherosclerosis in mice, which might be due to the dysbiosis and an observed
altered lipid metabolism [94]. Accordingly, Stepankova and coworkers reported
aggravated atherosclerosis in apolipoprotein E (ApoE)-deficient, germ-free mice
compared to controls having intact gut microbiota [186].

Using ocular endothelial cells, Davey et al. observed that NOD2 expression is enhanced
upon cytokine stimulation and NOD2 activation leads to increased IL-6 release [42]. This
positive feedback regulation of NOD expression was also described in HAEC, where
NOD?2 activation induces type | interferon expression [130].

Under hyperinsulinemic conditions, vascular SMC induced NOD1 and NOD2 expression
which might result in a pro-inflammatory and proliferating SMC phenotype accelerating
atherosclerosis [182, 190].

Recently, rare variants of NOD1 were shown to be associated with carotid intima-media
thickness. However, these data were examined in a quite limited study group [48].

Accordingly, polymorphisms in NOD2 were shown to be associated with CAD [63].

Nishio et al. observed an enhanced cytokine and ICAM-1 expression after activation of
NOD1 and NOD2 in human coronary artery endothelial cells. Additionally, they

examined enhanced site-specific vascular inflammation in a murine model after
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administration of FK565, a ligand specific for NOD1 [142, 147]. The same group also
demonstrated that ApoE-deficient mice orally administered FK565 exhibited enlarged
atherosclerotic lesions, an effect that was independent of bone marrow-derived cells.
However, Kanno et al. did not observe alterations in plasma cholesterol and triglyceride
levels after FK565 administration [93].

Using ex-vivo cultured human carotid plaques, Liu et al. demonstrated that NOD?2 is
abundantly expressed in these samples and that it"s stimulation leads to upregulation and
release of prostaglandin E2, an eicosanoid mediating inflammation [124]. Analysis of
mice being deficient for ApoE and NOD2 and additionally challenged with an oral gavage
of Porphyromonas gingivalis revealed a protective role of NOD2 in terms of
atherosclerosis [222]. In contrast, Johansson et al. showed that NOD2 signaling
accelerates the progression of atherosclerosis using LDL receptor (LDLr)-deficient mice
that were injected with the NOD2 ligand MDP. Additionally, the same group reported
that the effect of a reduced lipid-rich necrotic core in NOD2-deficient mice is due to bone
marrow-derived cells. Of note, Johansson et al. observed increased oxidized LDL
(oxLDL) uptake and decreased cholesterol efflux in macrophages stimulated with MDP
[91].

In terms of myocardial ischemia/reperfusion injury, NOD2 activation aggravated infarct
size, cardiomyocyte apoptosis and inflammation [126]. Additionally, NOD2 has been
shown to be expressed in platelets to mediate their activation and thrombosis formation
upon stimulation [223]. Recently, NOD2 stimulation was shown to induce reactive
oxygen species in HUVECs, demonstrating another NOD-driven trigger for endothelial

dysfunction besides pro-inflammatory cytokine release [107].

Concerning metabolic inflammation and insulin resistance Schertzer et al. observed that
mice being deficient for NOD1 and NOD2 are protected from high-fat diet-induced
inflammation and peripheral insulin resistance [178]. The same group also described that
mice being deficient for only NOD2 showed an aggravated insulin resistance and
metabolic inflammation which was associated with microbiota dysbiosis and an increased
bacterial translocation from the gut into the liver and adipose tissue [46]. These findings
again underline the importance of the gut microbiota and it’s implications in metabolic

inflammation.
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1.4  MicroRNAs and posttranscriptional regulation of vascular

inflammation

The coordinated regulation of inflammation and homeostasis as well as enhancement and
inhibition of angiogenesis is crucial for an intact vascular response upon pathogenic or
endogenous stimuli. Besides regulators of expression like transcription factors or
enzymes involved in posttranslational protein modification, recently one more fine-tuning
cellular control unit has been identified. Although already in 1993 firstly described in
Caenorhabditis elegans, microRNAs (miRNA) were not considered to be an independent
class of biological regulators for about 10 years [114]. Nowadays it is known that
miRNAs are conserved, non-coding small RNA molecules consisting of about 22
nucleotides which can have a tissue-specific expression pattern. By either promoting the
degradation of their target mRNA or inhibiting mRNA translation, miRNAs function as
posttranscriptional regulators, which are mainly known to repress target gene expression.

1.4.1 MIRNA processing and target regulation

The maturation of miRNAs usually starts with their transcription by RNA polymerase Il
and 111 [198]. According to the localization within the genome, miRNAs are either
associated with host genes and dependent on their transcription or have own promoters
and hence are independently expressed [9]. Once transcribed, these large, primary
miRNA transcripts are further processed by Drosha and Dicer, both RNAse llI
endonulceases (Figure 5). In the nucleus, Drosha and its cofactor DGCR8 mediate the
cleavage of the transcribed pri-miRNA into stem-loop precursors, so-called pre-miRNAs,
which are subsequently translocated into the cytoplasm by Exportin 5 [21, 76].
Afterwards, Dicer and its cofactor TRBP cleave the pre-miRNA resulting in the formation
of a mature miRNA duplex. The mature miRNA can be derived from both the 5" and the
3" arm of this miRNA duplex. Subsequently they are referred to as miRNA-3p and
miRNA-5p. After incorporation of one of these miRNA strands into the RNA-induced
silencing complex (RISC), this complex directs the scan of the present MRNA population
for a sequence match within the 3"untranslated region (UTR) of a target mRNA. The
miRNA seed sequence, which comprises the nucleotides 2-8 located at the 5° of the
miRNA, is essential for the recognition and matching of the mRNA 3~ UTR [116].
According to these limited requirements of pairing, Friedman et al. suggest that more than
60% of protein-coding genes are miRNA targets in humans [62]. In terms of a high
complementarity between the miRNA and its target, the RISC mediated miRNA-mRNA
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pairing results in mMRNA destabilization by deadenylation. If the pairing exhibits only a
low complementarity, it is thought to preferentially lead to inhibition of translation
initiation [117].
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. Figure 5: Overview of miRNA biogenesis. After transcription of the pri-miRNA by RNA polymerase II :
or I, Drosha and it’s cofactor mediate the cleavage, resulting in pre-miRNA. Afterwards the pre-miRNA
is exported into the cytosol via Exportin 5, where it is further cleaved leading to the formation of miRNA
duplex. One of these duplex strands is incorporated into the RISC complex, leading to target mRNA

 regulation.

Since many miRNAs can cooperatively bind to one target mMRNA 3~ UTR and each
miRNA can pair with several target mRNAs, the miRNA regulation displays a certain
degree of complexity. Wang and coworkers showed that this complexity is even higher
because of an exosomal transport of mMiRNAs from the cell into the medium, suggesting
a novel mechanism of trans-cellular genetic exchange [210]. Moreover, several studies
indicate that miRNAs are also able to stimulate translation, highlighting a selective and

fine-tuned mechanism of miRNA-driven gene expression regulation [204].

1.4.2 MiIRNAs in vascular inflammation: An update

So far, only few studies examined a direct impact of miRNAs in endothelial inflammation

and vascular disease, thus their contribution remains poorly understood. Besides
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endothelial pro- and antiangiogenic miRNAs, several approaches investigated the role of
miRNAs during tumor angiogenesis as well [110]. In the following, miRNAs that have

been associated with endothelial inflammatory processes are discussed briefly.

Performing an artery site-specific profiling of miRNAs, Fang et al. observed that the
swine endothelial expression of miR-10a is reduced in athero-susceptible regions of the
aortic arch. Further investigations revealed that miR-10a targets TAK1 and p-transducin
repeat-containing gene (B-TRC), thereby repressing NF-kB activation and preventing a
pro-inflammatory endothelial phenotype [55]. Another endothelial miRNA that regulates
NF-kB signaling is hsa-miR-181b, which targets importin-a3 and subsequently inhibits

the nuclear translocation of NF-xB [191].

Using a combination of low shear-stress and oxLDL, Loyer et al. observed an endothelial
upregulation of miR-92a in murine and human samples. Further investigations revealed
that this miRNA promotes endothelial activation and atherosclerotic lesion formation in
a lipid- and shear-stress dependent manner [127]. Another miRNA which is induced upon
atheroprone shear-stress is hsa-miR-34a which mediates the flow-dependent endothelial

inflammation via NF-xB signaling [54].

An example for miRNA expression that depends on its target gene is hsa-miR-155, which
is known to be co-expressed with angiotensin Il type 1 receptor (AT1R) in endothelial
cells. After expression, hsa-miR-155 leads to inhibition of the translation initiation of
ATI1R. Interestingly, a polymorphism that is located in the 3'UTR of AT1R is associated

with cardiovascular disease and inhibits the pairing with hsa-miR-155 [135].

Moreover, hsa-miR-126, hsa-miR-31 and hsa-miR-17-3p were found to target endothelial
VCAM-1, E-selectin and ICAM-1, respectively, thus being crucial fine-tuning regulators
of vascular inflammation and leukocyte adhesion [79]. Of note, Suarez et al. observed
that hsa-miR-31 and hsa-miR-17-3p are induced in their expression by TNF-a, which also
leads to the induction of the above mentioned adhesion molecules, highlighting another
miRNA driven negative feedback control of endothelial inflammation [189].
Accordingly, hsa-miR-146 was found to be induced in a NF-xB-dependent manner and
in turn targets both interleukin-1 receptor-associated kinase 1 (IRAK1), an important
regulator during TLR-signaling, and TRAF6, which is also involved in NOD-signaling.
Both IRAK1 and TRAF6 are key regulators during NF-kB and MAPK signaling [31,

193]. This tight, fine-tuned regulation of vascular innate immune responses by miRNA
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driven negative feedback loops seems reasonable since an excessive inflammatory

response leads to endothelial dysfunction [66, 144].

However, up to now no positive feedback loop mechanism between miRNAs and
vascular inflammation has been described, but few examples exist for instance in different

inflammatory setups like colitis [101].

1.5 The exogenously derived cholesterol metabolism

Besides the endogenous pathway of cholesterol biosynthesis, in the late 1960s Dietschy
and coworkers observed that dietary cholesterol may be absorbed by an intestinal route
and have influence on sterol synthesis [47]. In the following section, main aspects of this
intestinal and hepatic route of cholesterol metabolism will be discussed.

1.5.1 Intestinal uptake and processing of cholesterol

After the digestion of dietary carbohydrates, fats and proteins in the stomach, nutrient
absorption takes place in the duodenum of the small intestine (Figure 6). Here, during
bile-driven emulsification, dietary fats associate as lipid droplets with bile salts and
phospholipids, to form micelles. The latter contain monoglycerides, fatty acids, fat-
soluble vitamins and cholesterol, which are absorbed by enterocytes. The uptake of
cholesterol is facilitated by the Niemann-Pick C1-likel (NPC1L1) protein, which was
identified by Davies and coworkers [43]. The apically located NPC1L1 is mainly
responsible for the uptake of dietary and biliary cholesterol and other sterols.
Accordingly, Altmann et al. showed that a genetic inactivation of this protein results in a
massive reduction of intestinal cholesterol uptake [5]. Ezetimibe, a drug available since
the early 2000s, takes advantage of this intestinal transport mechanism by inactivating
NPC1L1, thereby leading to a reduction of cholesterol uptake, measured as decreased
LDL plasma cholesterol levels [38, 64, 95]. As a counterpart of NPC1L1 at the apical
enterocyte membrane, the heterodimer of ATP-binding cassette transporters (ABC) G5/8
regulates free cholesterol efflux back into the gut lumen, thereby inhibiting intestinal

cholesterol absorption [221].

In the enterocyte, free cholesterol can be esterified by the microsomal enzyme acetyl-
CoA cholesterol acyltransferase 2 (ACAT2). Willmer et al. reported that ACAT2
deficiency in mice lacking ApoE results in a clear reduction of cholesterol ester synthesis
and accumulation of lipoproteins as well as augmented atherosclerotic plaque formation

[214]. Moreover, intestinal cholesterol can be associated with apolipoprotein B48
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(ApoB48), triglycerides and phospholipids to form a lipoprotein called chylomicron [86].
In this context, Nguyen et al. observed that the ACAT2-driven cholesterol esterification
is crucial for intestinal cholesterol absorption by chylomicron transport [141].
Additionally, chylomicron assembly critically depends on ApoB48 as well as microsomal
transfer protein (MTP) [85].
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: Figure 6: Intestinal cholesterol uptake and transport. After cholesterol uptake from the intestinal lumen :
into the enterocyte via NPC1L1, cholesterol is further processed and esterified. Afterwards chylomicron
lipoproteins are formed, which mainly harbor cholesterol, cholesterol ester, ApoB48, triglycerides and
phospholipids. Chylomicrons are then released into the lymph system and finally enter the blood

circulation. In the enterocytes, cholesterol can be also excreted via ABCG5/8 into the intestinal lumen.

1.5.2 Role of chylomicrons in cholesterol metabolism

Chylomicrons are secreted into the lymphatic vessels, transported to the thoracic duct and
finally released into the bloodstream from the subclavian vein [78]. In the circulation, the
triglyceride-rich chylomicrons function as energy supplier for the periphery (Figure 7).
Consequently, triglycerides are hydrolyzed in a lipoprotein lipase (LPL) mediated process
that requires ApoC2 as a cofactor, which is temporarily transferred from high-density
lipoprotein (HDL) to chylomicrons [69]. LPL is expressed by endothelial cells in the
skeletal and cardiac muscle and adipose tissue and hydrolyzes triglycerides, thereby
making free fatty acids accessible and converting chylomicrons into remnants. By the
same process also very low-density lipoprotein (vLDL) delivers triglycerides to the

periphery and gets converted to intermediate LDL (IDL) [148].
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Chylomicron remnants harbor not only ApoB48 but also ApoE, which is a high-affinity
ligand for the LDL receptor and its protein family member LDL receptor related protein
1 (LRP1). Both apolipoproteins facilitate the hepatic uptake and clearance of chylomicron
remnants [136, 205].

1.5.3 The liver as the main processing and logistic unit of cholesterol metabolism

The hepatic metabolism of cholesterol includes different processes and purposes (Figure
7): free cholesterol can get esterified by ACAT?2 for energy storage and transport or can
be used for cell membrane integrity and lipid raft formation [109]. Furthermore hepatic
cholesterol can be processed to bile acids or excreted via the bile, representing one key
process of the atheroprotective cholesterol removal known as reverse cholesterol
transport (RCT) [170]. Here, a subfamily of the nuclear receptor superfamily of DNA-
binding transcription factors called liver X receptors (LXR) a and B play an important
role as sensors and regulators of cholesterol homeostasis. Both LXRa and LXRp are
activated by binding different sterols as ligands, leading to the transcriptional activation
of response genes including ABCA1, ABCG1, ABCG5/8, ApoE, lipid transfer proteins
like cholesterylester transfer protein (CETP), other transcription factors like sterol
regulatory element-binding protein 1 ¢ (SREBP-1c) and cholesterol 7-a-hydroxylase
(CYP7AL), an enzyme involved in converting cholesterol to 7-a-hydroxycholesterol, the
rate-limiting step in bile acid synthesis [73, 129, 161, 162, 206, 211]. Hence, upon
cholesterol uptake by the liver, the activation of hepatic LXRa marks an important

component of further cholesterol processing and clearance.

Besides direct excretion via the bile, hepatic cholesterol can also be utilized for the
formation of the triglyceride-rich lipoprotein vLDL, which consists of triglycerides,
cholesterol, apoB100 and phospholipids (Figure 7). In the circulation, vLDL delivers
triglycerides to the periphery in an ApoC2 and LPL-dependent manner as described

above.
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hydrolyzation by LPL the remaining chylomicrn remnants are taken up by the liver via LRP1 and LDLR.
The hepatic cholesterol metabolism includes different processes like esterification for storage, cell
membrane integration, excretion via the bile or repackaging into vLDL lipoproteins. vLDL is released into

the circulation, further delivering triglycerides to the periphery.

This reduction in its triglyceride content leads to the conversion into intermediate density
lipoprotein (IDL), which mainly harbors cholesterol as well as the apolipoproteins ApoE
and ApoB100 [149]. Afterwards the IDL can also be taken up by endocytosis into the
liver, which is mediated by it’s apolipoproteins and the corresponding LDL receptor
family members. In the liver, the cholesterol transported via IDL can result in the same
metabolic pathways as described for the chylomicron remnants above. At the surface of
hepatocytes and liver endothelial cells as well as circulating in the bloodstream, the
hepatic lipase (HL) mediates the hydrolysis of triglycerides and phospholipids of
lipoproteins, including IDL, which results in the conversion into LDL [103]. This
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lipoprotein mainly consists of cholesterol and cholesterol esters and harbors apoB100 as
an apolipoprotein. Both IDL and LDL can transfer cholesterol to the adrenal cortex where
it is crucial for steroid hormone production. However, the majority of the cholesterol-rich

LDL particles undergo hepatic endocytosis in an apoB100 dependent manner [29].

1.5.4 Reverse cholesterol transport is an anti-atherosclerotic process

Under hyperlipidemic condtions, LDL particles can accumulate in the subendothelial
space, where reactive oxygen species or hyperglycemia leads to oxidation or glycation of
LDL, both chemically modified forms of the initial lipoprotein. The accumulation of
modified LDL initiates an inflammatory response, resulting in the recruitment of
macrophages and monocytes leading to atherosclerotic plaque development [121] (Figure
8).
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: Figure 8: LDL accumulation, foam cell formation and HDL-mediated RCT. Under hyperlipidemic :
conditions LDL accumulates in the subendothelial space. Edothelial dysfunction leads to enhanced
recruitment of monocytes into the vascular wall, which subsequently differentiate into macrophages.
Finally, macrophages differentiate into foam cells after modified LDL uptake, releasing proinflammatory
cytokines and further stimulating leukocyte recruitment. Excessive macrophage cholesterol can be

transferred to nascent HDL in an ApoAl-dependent manner, enabling peripheral clearance of cholesterol.

With the help of scavenger receptors, including fatty acid translocase (FAT) / CD36,
steroid receptor RNA activator 1 (SRA1) or Lectin-like oxidized LDL receptor-1 (LOX1)
[96], macrophages are able to engulf these modified LDL particles, leading to foam cell
formation. During the reverse cholesterol transport, HDL removes excess cholesterol
from the peripheral tissues including foam cells and transports it to the liver where it can
be excreted via the bile [100]. This efflux of cholesterol is mediated via ABCA1 and
ABCG1 in an ApoAl dependent manner, representing a critical step of RCT [183, 213].
Additionally, ApoAl, which is the main protein component of HDL, activates lecithin
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cholesterol acyltransferase (LCAT) leading to esterification of cholesterol, thereby
transforming nascent HDL to spherical, cholesteryl ester containing HDL [184, 185]. Via
it"s bound lipid transfer protein CETP, HDL is able to exchange cholesterol to vLDL,

IDL and LDL, receiving in return triglycerides and vice versa [11].

Once HDL particles return to the liver, they can bind via ApoALl to scavenger receptor
B1 (SR-B1), thereby transferring cholesterol to the hepatocytes. Afterwards, the unloaden
HDL particle can enter the circulation again, further mediating reverse cholesterol
transport from the periphery to the liver. Thus, HDL is an inportant mediator of plasma-
derived cholesterol efflux and redistribution. In addition, the small intestine contributes
in another way to cholesterol efflux: trans-intestinal cholesterol excretion (TICE), a
process which is independent of HDL and is suggested to have a smaller impact compared
to RCT [72].

1.6 Microbiota — new stakeholders in metabolic disorders and CVD

In recent years, the role of gut microbiota in inflammatory, metabolic as well as
cardiovascular diseases received increasing attention. In this regard, technical advances
including nex generation sequencing enable a detailed and cost-effective bacterial

phylogenetic analysis.

It is well known that chronic infections contribute to the development of atherosclerosis
(see introduction 1.2). However, only recently the association of gut microbiota and
atherogenesis was assessed. The microbiome of the gut exerts diverse functions,
including the biochemical transformation of primary into secondary bile acids, the
production of certain vitamins, efficient utilisation of nutrition and constant interaction
with innate immune regulators [202, 216]. In this context, Clarke et al. reported a crucial
role for NOD1, but not NODZ2, in microbiota-dependent priming of innate immunity and
neutrophil-driven infection response [35]. Since NOD1 and NOD?2 are intracellular
located, their accessibility to microbial signals needs to be ensured. In this context just
recently, outer membrane vesicles carrying gut microbiota-derived bacterial fragments
were found to be crucial for NOD1 activation in intestinal epithelial cells [25]. A
significant finding was that obesity correlates with a shift in the relative abundance of two
main bacterial phyla, Firmicutes and Bacteroidetes. Furthermore, an overall lower
species diversity and changes in metabolic functions are associated with obesity [26].
Accordingly, Agus and coworkers reported increased Proteobacteria and decreased

Firmicutes occurrence in mice receiving a high fat, high sugar diet [2]. Turnbaugh et al.
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showed that this shift has an influence on metabolic processes and is transmissible [200].
Afterwards, several studies described the gut microbiota as an important regulator of
metabolic and inflammatory processes affecting obesity and associated disorders like
diabetes and cardiovascular diseases [45]. However, only few studies assessed the
contribution of NOD1 and NOD?2 in this context.

Not only the relative abundance of specific phylae, but also the microbiota-derived
metabolites might be a crucial contributor to gut homeostasis. In this regard, short chain
fatty acids, which are fermentation products that cross the epithelial barrier, can function
as ligands for G-coupled protein receptors, thereby regulating the renin secretion and
blood pressure [157]. Moreover, Swann and coworkers reported that gut microbiota exert
a crucial regulatory impact via modulating the bile acid metabolism, since microbiota-
derived secondary bile acids play important roles in lipid metabolism and obesity [192].
Another component released by the gram-positive bacteria Lactobacillus is the enzyme
bile salt hydrolase (BSH). Li and coworkers showed that reducing BSH leads to
accumulation of tauro-p-muricholic acid which in turn is an antagonist of farnesoid X
receptor (FXR). Reducing FXR signaling resulted in diminished obesity, hence linking a

microbiota-derived enzyme to metabolic disorder [118].

The microbiome also plays a pivotal role in terms of host-gut immune homeostasis. Its
disruption can lead to a self-destructive immune response as described for the
inflammatory bowel disease [52]. Bacteria localized in the intestinal tract are in
continuous interaction with the resident intestinal epithelial and immune cells. Here,
PRRs detect not only pathogen- but also microbe-associated molecular patterns [90].
During the early stages of organism development, this recognition is crucial for the
appropriate development of lymphoid structures and in the end regulated adaptive
immune responses. Bouskra and coworkers reported a key role for NOD1 in this process,
enabling the maturation of isolated lymphoid follicles and subsequent intestinal
homeostasis [22]. However, the PRR present in the intestinal tract not only sense bacterial
occurrence but also shape the bacterial gut composition by induction of anti-microbial
peptides like defensins [83]. Accordingly, NOD2 was shown to be part of a feedback-
loop, being upregulated by intestinal bacteria and counteracting the bacterial-induced
inflammation, mediating a balanced relationship [154]. Hence, NOD2 mutations are a
well-known risk factor of dysbiosis and Crohn’s disease [177]. Schertzer et al. reported
that Nod2-deficient mice exhibit increased insulin resistance, adipose tissue and liver

inflammation upon feeding a high fat diet (HFD). Additionally, mice lacking an intact
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NOD2-driven peptidoglycan sensing showed increased translocation of commensal
bacteria from the gut into liver and adipose tissue as well as gut dysbiosis [46]. Afterwards
it was shown that, in a mouse model of type 1 diabetes, NOD2 but not NOD1 senses
bacterial fragments in pancreatic lymph nodes, thereby initiating T-cell activation and
contributing to disease progression [39]. Moreover, NOD2 was found to regulate the
bacterial load in the terminal ileum, since Nod2-deficient mice showed significantly
higher amounts of Bacteroides, Firmicutes and Bacillus compared to wildtype littermates
[154]. In contrast, Robertson and coworkers reported that neither NOD1 nor NOD2
signaling alters the intestinal bacterial composition under homeostasis [165, 166]. Hence,
analysis of the gut microbiome needs to be considered on the background of influences
via certain diets, host genetic background, the innate and adaptive immune system as well
as study limitations caused maternal effects or housing. Nevertheless, there are clear
evidences for a tight association between gut dysbiosis, bacterial translocation, PRR
activation, metabolic inflammation and finally initiation of metabolic and chronic

inflammatory diseases.

1.7  Aim of this study

Since this thesis comprises separate approaches, two main central issues were
investigated: On the one hand, miRNA expression upon NOD stimulation in primary
murine endothelial cells was characterized and their role in endothelial cytokine
expression analyzed to gain insights into NOD-dependent, miRNA regulated vascular
inflammation. On the other hand, by using NOD-deficient as well as competent mice, the
impact of NOD1 and NOD2 on atherogenesis, cholesterol and glucose metabolism as
well as gut microbiota composition was investigated in order to improve the
understanding of the contribution of these innate immune receptors in the setting of

atherosclerosis.
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2 Material and methods

2.1 Cell culture

2.1.1 Isolation of murine primary endothelial cells

For every isolation two C57BL/6J wildtype mice at the age of six to ten weeks were
sacrificed by cervical dislocation. Skin was soaked in 70% ethanol and lobes of the lung
were removed under a sterile laminar flow hood and placed in 15 ml cold DMEM
(Dulbecco’s Modified Eagle Medium)/F-12 + 20% Fetal Calf Serum (FCS) + 1%
penicillin, streptomycin on ice. After dissection, lung lobes were collected in a 6 cm dish
and subsequently minced with scissors for 5 minutes. Afterwards minced lung tissue was
transferred to 25 ml prewarmed collagenase (2 mg/ml in Hanks BSS) and incubated for
45 minutes at 37°C with gentle agitation (100 rpm). Using a 12 G cannula, the suspension
was titurated 12 times and afterwards pipetted through a 70 um disposable cell strainer.
Further digestion was stopped by adding DMEM F-12 + 20% FCS + 1% penicillin,
streptomycin and cells were centrifuged for 10 minutes at 4°C and 300 g. Pellet was
resuspended in 2 ml PBS + 0.1% BSA.

Purified rat anti-mouse CD144 antibody was previously incubated over night with
dynabeads sheep anti-rat IgG in PBS + 0.1 % BSA. For each isolation 30 pl beads (4x108
beads/ml) and 6 pl antibody (0.5mg/ml) were used. Cells were incubated with magnetic
beads bound CD144 for 15 minutes at RT on a rotator at 10 rpm. Afterwards cells were
washed in a magnetic separator with DMEM F-12 + 20 % FCS + 1 % penicillin,
streptomycin until supernatant was clear. Cells were resuspended and incubated in
DMEM F-12 + 20 % FCS + ECGS-H (12 pg/ml) + 1 % penicillin, streptomycin in a
fribonectin (1pg/ml) coated T75 flask at 37°C, 5 % CO> until cells reached confluence.
The day after isolation cells were washed three times with warm DMEM F-12 + 20 %
FCS+ 1 % penicillin, streptomycin to remove any loosely adherent cells. After reaching
confluence cells were trypsinized, washed, pelleted and incubated again in 2 ml PBS +
0.1 % BSA with magnetic bead-bound purified rat anti-mouse CD31 antibody for 15
minutes at RT on a rotator at 10 rpm. After three times washing with DMEM F-12 + 20
% FCS + 1 % penicillin, streptomycin in a magnetic separator, cells were cultured in
fibronectin-coated 6-well plates in DMEM F-12 + 20 % FCS + ECGS-H (12 pg/ml) + 1
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% penicillin, streptomycin and used for further experiments after reaching confluence.

Medium was changed every second day.

2.1.2 Stimulation of endothelial cells with NOD agonists

Primary endothelial cells were controlled for purity (CD31) using flow cytometry.
Subsequently, cells were starved for 2 hours in DMEM F-12 + 2 % FCS + 1 % penicillin,
streptomycin medium and stimulated with the NOD1 agonist Tri-DAP (10 pg/ml) or
NOD2 agonist MDP (10 pg/ml) for 6 or 24 hours afterwards. Supernatant was collected

and cells were lysed for subsequent RNA isolation in RNA-Solv® Reagent.

2.1.3 Transfection of endothelial cells with miRNASs

Primary endothelial cells were transfected with miRNAs mimics using Lipofectamine®
RNAIMAX Reagent according to the manufacturer’s instructions. Briefly, mimics for
miR-147-3p or miR-298-5p and Lipofectamine® RNAIMAX Reagent were resuspended
with Opti-MEM® Medium and incubated for 5 minutes. MiRNA/lipid complexes were
added to the cells and incubated for 24 hours. Final miRNA concentration per well was
25 pmol. After transfection, cells were stimulated for 6 and 24 hours with NOD agonists
(see above). Transfection with miRNA mimic negative control served as control. MiRNA

mimics were obtained from Dharmacon™.

Mimic sequences for mmu-miR-147-3p: 5-GUGUGCGGAAAUGCUUCUGCUA-3’
and mmu-miR-298-5p: 5"-GGCAGAGGAGGGCUGUUCUUCCC-3",

2.1.4 Isolation of bone marrow derived macrophages

Male Ldlr = and Nod1 ~~ Nod2 ~~ LdIr ~~ mice were sacrificed by cervical dislocation
at the age of 10 weeks. Skin was soaked in 70 % ethanol and hind limbs, tibia and femur
were removed and cleaned from skin, muscle and other tissues under a sterile laminar
flow hood. Tibia and femur were kept in 70 % ethanol for 3 minutes and afterwards
transferred into PBS. Bone ends were cut and tibia and femur flushed with cold RPMI
(Roswell Park Memorial Institute) 1640-GlutaMAX + 10 % FCS + 1 % penicillin,
streptomycin. Cells were collected in a 15 ml falcon and centrifuged for 10 minutes at
300 g and 4°C. Pellet was resuspended in 10 ml red blood cell-lysis buffer and incubated
for 10 minutes at RT. Afterwards cells were centrifuged. Pellet was resuspended in 10 ml
RPMI 1640-GlutaMAX + 10 % FCS + 1 % penicillin, streptomycin and pipetted through
a 70 um disposable cell strainer. Afterwards cells were again centrifuged, counted and
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2x10° cells were seeded into one well of a 6-well plate in RPMI 1640-GlutaMAX + 10
% FCS + 1 % penicillin, streptomycin + 10 % L929-supernatant. After three days medium
was changed and after total 6 days cells were controlled for purity (CD11b) using flow

cytometry and used for further experiments

2.1.5 Foam cell formation assay

Bone marrow-derived macrophages were incubated for 4 hours in RPMI 1640 —
GlutaMAX + 1 % FCS with 10 pg/ml human dil-labeled oxidized LDL at 37°C and 5 %
COo. Afterwards cells were washed three times with above mentioned medium and 10
high-power field images were taken per well using Axio Vert. A1l microscope with an
AxioCam MRm camera. Dil-positive cells were counted with the help of Imagel

software.

For flow cytometry analysis cells were detached using 0.05 % Trypsin-EDTA and briefly
washed with PBS + 2 % FCS. DAPI and CD11b staining was performed to exclude dead

cells and check for purity. Dil-positive cells were assessed using PE flourescence channel.

2.2 Flow cytometry

Purity of primary murine lung endothelial cells as well as bone marrow derived
macrophages was determined by flow cytometry. Briefly, cells were stained for 30 min
on ice with antibodies and washed afterwards. In terms of endothelial cells, cells were
incubated with the endothelial cell marker CD31 (2.5 pg/mL) labelled with FITC. Purity
of bone marrow derived macrophages was assessed using CD11b (2.5 pg/mL) labeled
with Alexa Fluor 488. DAPI staining was performed to exclude dead cells. Cells were
acquired on a FACS LSRII flow cytometer and analyzed with FlowJo.

2.3 Real-time PCR

2.3.1 RNA isolation

For the analysis of mMRNA expression, total RNA was isolated using RNA-Solv® Reagent
following the manufacturer’s instructions and reverse-transcribed with SuperScript

reverse transcriptase, oligo(dT) primers and deoxynucleoside triphosphates.

Briefly, 0.2 ml chloroform was added per 1 ml RNA-Solv® Reagent and samples were
vortexed vigorously for 15 seconds. After a 3 minute incubation at room remperature

samples were centrifuged for 15 minutes at 12000 g and 4°C. The upper aqueous phase



Material and methods 26

containing the RNA was transferred to a fresh 1.5 ml tube and 0.5 ml ice cold isopropanol
and 2 pl GlycoBlue were added. After vortexing samples were stored for 2 hours at -
20°C. Samples were centrifuged for 10 minutes at 12000 g and 4°C to pellet the
precipitated RNA. After removing the supernatant, the RNA pellet was washed three
times with ice cold 75 % ethanol by centrifugation at 7500 g for 5 minutes. The RNA
pellet was dried at room temperature for 8 minutes and afterwards resuspended in up to
20 pl of RNAse free water. Purity and RNA concentration were assessed using Nanodrop
1000. RNA was stored at -80°C until further experiments.

2.3.2 CDNA-synthesis

For cDNA-synthesis RNA was reverse-transcribed (RT) following the manufacturer’s
protocol. Up to 1ug RNA in a total volume of 10pL was used and master mix was
prepared as follows:

reagent volume (ul)
10x RT Buffer 2

25x dNTP mix (100mM) 0.8

10x RT Random primer 2

Reverse transcriptase 1

H20 4.2

PCR conditions were as follows:

step 1 step 2 step3 stepd
temperature (°C) | 25 37 85 4
time (min) 10 120 5 o0

2.3.3 Polymerase chain reaction

Real-time PCR was performed in duplicate in a total volume of 20 pl using Power SYBR
green PCR master mixture or real-time PCR probes and TagMan Fast Adavanced
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MasterMix on a Step One Plus Real-time PCR system in 96-well PCR plates. Real-time
PCR using Power SYBR green was performed with an initial denaturation step at 95°C
for 10 min, followed by 40 PCR cycles that consisted of 95°C for 15 s, 60°C for 1 min,
and 72°C for 10 sec.

Real-time PCR using TagMan Fast Adavanced MasterMix was performed with an initial
Uracil N-Glycosylase (UNG) incubation to remove remaining uracil from DNA at 50°C
for 2 min followed by polymerase activation at 95°C for 20 sec. Then 40 cycles followed
with each 95°C for 1 sec and 60°C for 20 sec.

SYBR Green or FAM/BHQ-1 fluorescence emissions were monitored after each cycle.
For normalization, expression of GAPDH was determined in duplicates. Relative gene

expression was calculated by using the 2722t method.

For the analysis of miRNA expression, total RNA was isolated using RNA-Solv® Reagent
and reverse-transcribed with TagMan MicroRNA Reverse Transcription Kit and TagMan
MicroRNA Assays for each miRNA. Real-time PCR was performed in triplicate in a total
volume of 20 ul on a Step One Plus Real-time PCR system in 96-well PCR plates with
an initial denaturation step at 95°C for 10 min, followed by 40 PCR cycles that consisted
of 95°C for 15 s and 60°C for 1 min. FAM/MGB-NFQ fluorescence were monitored after
each cycle. For normalization, expression of U6 and sno202 was determined in triplicates.

Relative gene expression was calculated by using the 2724t method.

MIiRNA PCR primers were obtained from Thermo Fisher Scientific: hsa-miR-23a
(#000399), hsa-miR-147b (#002262), hsa-miR-193a-3p (#002250), hsa-miR-200a
(#000502), has-miR-203 (#000507), mmu-miR-298 (#002598), rno-miR-343 (#001344),
has-miR-423-5p (#002340), mmu-miR-495 (#001663), mmu-miR-667 (#001949), U6
SnRNA (#001973), snoRNA202 (#001232). Modification of real-time PCR probes: 5" =
FAM, 3" = MGB-NFQ.

2.3.4 Primer sequences

Primer sequences used for real-time PCR with Power SYBR Green PCR Master mixture

were as follows:

m-GAPDH-F 5-GTCTCCTGCGACTTCAGC-3

m-GAPDH-R 5-TCATTGTCATACCAGGAAATGAGC-3
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m-TNF-q-F

m-TNF-a-R

m-IL-6-F

m-1L-6-R

m-CXCL1-F

m-CXCL1-R

m-LOX1-F

m-LOX1-R

m-SRA1-F

m-SRA1-R

m-CD36-F

m-CD36-R

m-ABCAl-F

m-ABCA1-R

m-ABCG1-F

m-ABCG1-R

m-ABCG5-F

m-ABCG5-R

m-ABCG8-F

m-ABCG8-R

m-LRP1-F

m-LRP1-R

m-LXRa-F

m-LXRa-R

m-SRB1-F

m-SRB1-R

m-SREBP2-F

5- CTGGCACCACTAGTTGGTTGT -3

5- GTAGCCCACGTCGTAGCAAAC-3
5-CCATCCAGTTGCCTTCTTG -3
5-AAGTGCATCATCGTTGTTCATAC-3’
5-ACCGAAGTCATAGCCACACTC-3
5-CTCCGTTACTTGGGGACACC-3
5-ACCTGCACTCCTTCTTCCCCTTTGT-3"
5-GCCTTTGAGCCCTCTGCCTGC-3
5-CCGACCTTATAGACACGGGACGC-3
5-TCCCATGTTCCTGGACTGACGA-3’
5-ATTTGCAACTGAGTGGACTT-3

5 -GCCAACATGGAACAAATAG-3’
5-CGTGTCTTGTCTGAAAAAGGAGG-3
5-CGTGTCACTTTCATGGTCGC-3
5-GGACTCGGTCCTGACACATC-3
5-CAGGTACAGCAGGCCAATGA-3’
5-CTGCATGTGTCCTACAGCGTCA-3’
5-AGATGCACATAATCTGGCCACTCTC-3
5-TCAGTCCAACACTCTGGAGGTCA-3’
5-ATTTCGGATGCCCAGCTCAC-3
5-ACTTCTCGGATGCCACCTTG-3

5 -GGATCACATAGCGGTGGGAG-3’
5-GCAGGGAGGACCAGATCGCCTTG-3
5-CAGCTTCATTAGCATCCGTGGGAAC-3’
5-TTGGCCTGTTTGTTGGGATG-3
5-GGATTCGGGTGTCATGAAGG-3

5-CGACGAGATGCTACAGTTTG-3"
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m-SREBP2-R 5 -GGTAGGAGAGACTTTGACCTG-3
m-APOE-F 5-TTTTCCCTCCGCAGACTGG-3’
m-APOE-R 5 -CTAGGCATCCTGTCAGCAATGT-3’

Primer and probe sequences used for real-time PCR with TagMan Fast Advanced

MasterMix were as follows:

m-GAPDH-F 5 -GGAGAAACCTGCCAAGTATG-3
m-GAPDH-R 5 -CCTCAGTGTAGCCCAAGA-3’
m-GAPDH-P 5 -AGATGCCTGCTTCACCACCTTCTTG-3
m-TNF-a-F 5-GTCTCAGCCTCTTCTCATTC-3
m-TNF-o-R 5-CTTGGTGGTTTGCTACGA-3
m-TNF-o-P 5-CCACCACGCTCTTCTGTCTACTGAA-3
m-IL-6-F 5-CGCTATGAAGTTCCTCTCTG-3
m-1L-6-R 5-GCCATTGCACAACTCTTTTC-3
m-1L-6-P 5-TCCATCCAGTTGCCTTCTTGGGACT-3
m-1L-8-F 5-CGAAGTCATAGCCACACTC-3
m-1L-8-R 5-AGGACCCTCAAAAGAAATTGTATA-3
m-1L-8-P 5-AAGCCAGCGTTCACCAGACAGG-3’

24 TagqMan Low Density Array (TLDA)

Concentration and quality of total RNA isoltaions from primary mouse lung endothelial
cells were verified by a NanoDrop™ 1000 (Peqlab VWR, Radnor, PA) and an Agilent
2100 bioanalyzer (Agilent, Santa Clara, CA) using the Agilent RNA 6000 Nano kit. In
each case, 4 isolations of control, 6 hours TriDAP stimulation and 6 hours MDP
stimulation with a 260nm/280nm ratio of at least 1.80 and RNA integrity numbers (RIN)
of at least 9.0 were selected for subsequent TLDA analysis (Applied Biosystems). TLDA
and subsequent bioinformatical analysis were performed with the help of Evelyn

Vollmeister and Wilhelm Goswin Bertrams, AG Schmeck, Marburg.
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350 ng of total RNA were used for reverse transcription cDNA synthesis using Tagman
MicroRNA Reverse Transcription Kit and the Megaplex RT Primers for rodent Pool A
following manufacturer’s instructions. RT-PCR was performed on a peqSTAR 2x
Gradient (PegLab Biotechnologie GmbH, Erlangen, Germany) with following cycling
conditions: 40 cycles of 16°C for 2 min, 42°C for 1 min and 50°C for 1 sec, followed by
85°C for 5 min and cooling to 4°C. RT-PCR reaction was mixed according to
manufacturer’s protocol using TagMan Fast Advanced Mastermix. Tagman Low Density
Array (TLDA,; Set A, v. 2.0, rodent, 384-well format, Life Technologies) was handled
according to manufacturer’s instructions with a centrifugation step at 3319 for 2 times 1
min on a Heraeus™ Multifuge™ X3R (Thermo Fisher Scientific). TLDA were executed
on a ABI PRISM 7900HT real-time PCR system (Applied Biosystems) with following
cycling conditions: 50°C for 2 min, 92°C for 10 min, followed by 40 cycles of 97°C for
1 sec and 62°C for 20 sec. The cycle threshold was automatically set up by SDS 2.3
software (Thermo Fisher Scientific). For quantification of relative expression levels

comparative AACt method was used and fold changes were calculated by expression 2°
AACt

Differential miRNA expression analysis from the TLDA dataset was performed with R
(version 3.2.2) with the packages limma (version 3.24.15) and the package HTqQPCR
(version 3.2).

2.5 Mouse strains

All mice used in this study were bred under pathogen free conditions in individually
ventilated cages in 12h dark / 12h light cycle at the animal facility of Biomedical Research
Center, Philipps-University Marburg. All experiments were approved by the
governmental animal ethics committee and performed according to the guidelines of the

Federation of European Animal Science Associations.

C57BL/6J wildtype mice were purchased from Charles River. Mice that were used for

atherosclerosis study were bred at BMFZ as follows:

B6.129P2-Nod1tm / noh-129S1-Nod2tm1Flv / J-129S7-LdIrtm1Her

(LdIr 7~ and Nod1 7~ Nod2 ~~ LdIr 7~ )

Single knockouts used for breeding were purchased from Jackson Laboratory as follows:

B6.129P2-Nod1tm/noh (Nod1 )
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B6.129S1-Nod2tm1Flv/J (Nod2 )
B6.129S7-LdIrtm1Her (Ldlr )

For the mouse model of experimental atherosclerosis Ldlr 7~ and Nod1 ~~ Nod2 ~~ LdlIr
~~ mice starting at the age of 10 weeks were fed a high fat high cholesterol diet (HFD,
D12079B, Research Diets) for 12 weeks. Mice were kept in groups of 3-6 and were able
to consume HFD and water ad libitum. After 6 and 12 weeks of feeding period i.p. glucose
tolerance and insulin resistance tests were performed. After 12 weeks of feeding period

mice were sacrificed and blood, aorta and other organs were subsequently analyzed.
2.6  Analysis of atherosclerosis

2.6.1 Glucose tolerance and insulin resistance test

To assess impaired glucose tolerance or an insulin resistance after 12 weeks of HFD, mice
were starved for 4 hours. Afterwards either glucose was given via i.p. injection at a
concentration of 1.25g/kg body weight or insulin at a concentration of 0.75 units/kg body
weight. Following injection, blood glucose was measured over a period of 2 hours in the

mouse tail vein with the help of the glucometer OneTouch Verio Flex®.

2.6.2 Blood plasma

For blood collection mice were starved for 4 hours and anesthetized using the inhalation
agent isofluran and blood was taken retroorbitally by a EDTA-coated capillary. Up to 1
ml blood was collected into EDTA coated tubes and mice were sacrificed. Subsequently
samples were centrifuged for 10 minutes at 3000 g and 4°C. The upper, yellow plasma
layer was collected into fresh 1mL cryotubes, snap frozen using liquid nitrogen and stored
at -80°C until used for further experiments. Plasma samples were analyzed in terms of
lipid profile with the help of Prof. Dr. Uwe Tietge, University of Groningen, using fast
protein liquid chromatography (FPLC) gel filtration on an Akta purifier equipped with a
Superose 6 column (GE Healthcare, Little Chalfont, UK). Chromatography was operated
at a flow rate of 0.5 ml/min, and lipoprotein fractions of 500 ul each were collected and
assayed for cholesterol concentrations. Individual lipoprotein subclasses were isolated by
tabletop sequential ultracentrifugation (Beckman Coulter, Woerden, The Netherlands)
using KBr (densities, VLDL/IDL: 1.006 <d< 1.019, LDL: 1.019 <d< 1.063, HDL: 1.063

<d < 1.21). After extensive dialysis against PBS, cholesterol concentrations within
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individual fractions were determined as outlined above. Additionally plasma cytokine

levels were analyzed using mouse cytokine array Kkit.

2.6.3 Enzyme-linked Immunosorbent Assay (ELISA)

To determine insulin levels of starved mice, after 4h of starvation plasma samples were
assessed using mouse Insulin ELISA (Mercodia). From each mouse 10 pl of plasma were
used and the assay was performed according to manufacturer’s protocol and analyzed
using an Infinite M200 Pro plate reader.

2.6.4 Plasma Cytokin Array

Plasma from mice that were starved for 4h was used to analyze cytokin levels. Therefore,
50 pl plasma of each mouse were pooled and Proteome Profiler Antibody Array Mouse
Cytokine Array Panel A was performed according to manufacturer’s instrcutions. Briefly,
membranes were blocked and incubated with samples and detection antibody overnight.
After wahsing membranes were incubated with Streptavidin-HRP for 30 minutes, washed

again and chemiluminescent signal was quantified using Chemostar Imaging system.

2.6.5 Tissue harvesting

After 4 hours of starvation mice were sacrificed as mentioned above. Briefly, aorta was
perfused with PBS after cutting the hepatic portal vein. The thoracic-abdominal aorta was
harvested, fixed and stored in 4 % formalin at 4°C. Organs and tissues including liver,
kidney, spleen, lung, adipose tissue, lymph nodes, cecum, colon, ileum, muscle and aortic
arch were collected into cryotubes, flash frozen and stored at -80°C until RNA was
isolated. Aortic root, liver, spleen and colon were embedded in Tissue Tek OCT, gently

frozen at -20°C and stored until used for cutting cryosections.

2.6.6 En-face preparation and Oil Red O staining of thoraco-abdominal aorta

After fixation aortas were washed overnight in PBS on a shaker at 4°C. Afterwards, aortas
were dehydrated using 100 % propane-1,2-diol and stained using 0.6 % Oil Red O (ORO)
solved in propane-1,2-diol for 2 hours at 37°C. Aortas were washed 3 times in 85 %
propane-1,2-diol and afterwards incubated in PBS overnight at 4°C. Afterwards, the
thoraco-abdominal aorta was pinned on a silicon dish and pictures were taken under PBS
immersion using a standard-equipped camera (EOS 600D Canon). ORO positive area in
comparison to total thoarco-abdominal aorta area was analyzed with ImageJ software and

colour deconvolution plugin.
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2.6.7 (Immuno-)histochemistry staining of aortic root

After cutting 8 um thick aortic root cryosections (CM3050S, Leica Microsystems) lesion
burden was assessed. In total three sections at varying distances from aortic sinus were
used for ORO staining. Briefly, sections were air-dryed for 30 minutes at room
temperature. Following fixation in 4% cold formalin for 5 minutes, sections were air
dryed again for 30 minutes at room temperature. After dehydration for 3 minutes in 100%
propane-1,2-diol aortic root sections were stained using 0.6% ORO solved in propane-
1,2-diol for 2 hours at 60°C. Sections were washed 10 times using 85 % propane-1,2-diol,
hydrated for 2 minutes in ddH20 and counterstained with hematoxylin soluation Gill No.

2 (Sigma-Aldrich). Slides were mounted using VectaMount™AQ (Vector Laboratories).

To analyze monocyte and macrophage infiltration as well as a-smooth muscle actin (a-
SMA) content, 2 sections per mice were used for MOMA-2 and respectively a-SMA
staining. Briefly, slides were air dryed for 30 minutes at room temperature, fixed in ice-
cold acetone at -20°C for 5 minutes and again air dried for 30 minutes. Afterwards slides
were washed 3 times in phosphate buffered saline with 0.05 % tween-20 (PBS-T) and
incubated with methanol with 0.3 % hydrogen peroxide for 30 minutes to block
endogenous peroxidases. After washing slides again for 3 times with PBS-T, sections
were bordered using ImmEdge Hydrophobic Barrier PAP Pen (Vector Laboratories) and
blocked for 30 minutes at room temperature using 2.5 % goat serum in terms of MOMA-
2 staining and 2.5 % horse serum in terms of a-SMA staining. Afterwards, sections were
incubated with primary antibody diluted in the appropriate serum in a humid chamber
overnight at 4°C. Next day, sections were washed 3 times with PBS-T and incubated with
IMPRESS Reagent HRP for 30 minutes at room temperature. Afterwards, sections were
again washed 3 times with PBS-T and DAB chromogen was used for developing colour.
Sections were incubated with DAB chromogen for 30 seconds and subsequently washed
2 times with ddH20. After counterstaining with hematoxylin slides were mounted as
described before. For ORO, MOMA-2 and a-SMA stainings pictures were taken using
DMI3000 B microscope (Leica Microsystems Wetzlar, Germany).

antibody name | concentration | blocking serum | IMPRESS Kit company
MOMA-2 1 pg/ml goat serum anti-rat Acris
a-SMA 1 pg/ml horse serum anti-rabbit Abcam
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Picosirius-Red staining was performed to analyze the collagen content of atherosclerotic
plaques. Therefore slides were air dried for 30 minutes at room temperature and washed
once with ddH20. After bordering sections using ImmEdge Hydrophobic Barrier PAP
Pen slides were counterstained with hematoxylin for 2 minutes. Slides were rinsed with
ddH20 for 5 minutes and afterwards fixed for 10 minutes with 10 % formalin at room
temperature. Afterwards slides were washed for 2 minutes with ddH20 and stained with
0.1 % Sirius-red diluted in 1.3 % picric acid for 1 hour at room temperature. Slides were
washed 2 times for 1 minute with 0.01 N chlorane and dehydrated with 70 % ethanol for
30 seconds. Afterwards slides were mounted using VectaMount™ permanent mounting
medium (Vector Laboratories). For collagen staining pictures were taken using polarized
light on DM4000 B microscope (Leica Microsystems Wetzlar, Germany).

Subsequent analysis was performed using ImageJ software version 1.49q (National
Institutes of Health, Bethesda, MD). Lesion burden was assessed by calculating the
percentage of ORO positive particles (um?2) of the aortic root area (um2). Monocyte and
macrophage infiltration, a-smooth muscle actin and collagen content were determined by
calculating percentage of MOMA-2, a-SMA and Sirius Red positive particles (um?) of

the plaque area (um?2).

2.7 Microbiome analysis

From each mouse 200 mg cecum were transferred into a 2 ml tube, 1 ml of Inhibit Ex-
Buffer (Fast DNA Stool Mini Kit Qiagen) and 2 Stainless Steel Beads 7 mm (Qiagen)
were added and shred using TissueLyser (Qiagen) for 3 minutes at 50 Hz. Afterwards
samples were incubated for 5 minutes at 95°C and 1000 rpm, vortexed shortly and
centrifuged for 1 minute at room temperature and 20.000 g. Afterwards 600 ul of the
supernatant and 45 pl Proteinase K were transferred into a fresh 1.5 ml tube and 600 pl
AL-Buffer (Qiagen) were added. Samples were vortexed for 15 seconds and incubated
for 10 minutes at 70°C and 1000 rpm. Samples were splittet into two 1.5 ml tubes and to
each 600 ul isopropanol were added. Samples were shortly vortexed and incubated on ice
for 1 hour and afterwards centrifuged for 15 minutes at 4°C and 16.000 g and supernatant
was discarded. Pellet was washed two times with 150 pl 70 % ethanol and let dry for 10
minutes at room temperature. Afterwards pellet was solved in 100 pl TE-Buffer and
subsequently DNA concentration was measured using QuantiFluor (Promega).

After AMPure XP beads activation performing 3 times washing with 200 ul 0.5 M EDTA,
25 ul TE-Buffer, 25 pl DNA, 10 pl activated beads and 50 ul 2.5 M NaCL + 20 % PEG
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were pooled in a fresh 1.5 ml tube and incubated for 10 minutes at room temperature.
Using a magnetic stand samples were washed 2 times with 150 pl 70 % ethanol and pellet
was let dry for 5 minutes at room temperature. Afterwards pellet was resuspended in 50
ul TE-Buffer by incubating for 10 minutes at room temperature so that DNA is not bound
anymore by magnetic beads. Tubes are then again incubated at the magnetic stand for 2
minutes and supernatant was transferred into a fresh 1.5 ml tube. Final DNA
concentration is again assessed using QuantiFluor and gel electrophoresis was performed

for quality control.

Those samples showing good DNA quality and sufficient concentration were used for
amplification with Nanopore Barcode-Primer. Therefore from each sample 100 ng DNA

were used and PCR was set up as follows:

Reagent volume / amount
DNA 100 ng in a volume of 10 pl
Nanopore Primer pair 1yl

(includes forward an reverse)

DNA polymerase enzyme 25 ul
H-0 14 pl
PCR conditions were as follows:
stepl |[step2 |step3 stepd step5 |step6
temperature (°C) 95 95 55 65 65 4
time (min) 1 0.3 0.5 2 5 ©

Step 2 to 4 were performed for 35 cycles. Afterwards, the amplificat was controlled using
gel electrophoresis. For sequencing a total amount of 100 fmoles DNA amplificates
(about 130 ng) were loaded onto a MinlON FlowCell (Oxford Nanopore). In total 1
million sequences per sequencing run were detected. Sequencing and subsequent
bioinformatical analysis were performed with the help of PD Dr. Volker Rupper and Dr.
Muhidien Soufi, Zuse Marburg. Bioinformatical analysis was assessed using the

following softwares and online-platforms:
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Initially basecalling was performed using the Oxford Nanopore Technology’s official
command-line “Albacore” enabling FASTS to FASTQ-conversion. Afterwards FASTQ-
files were compiled and converted into FASTA files. Those were used for reconciliation
with the local blast 16S rRNA database and subsequent analyzed using MEGANG

microbiome analysis tool (Eberhard Karls Universitat Tlbingen).

2.8 Statistical analysis

Unless otherwise stated, all data are represented as mean with standard error of the mean
(SEM). Data were analyzed for significance using either 2-tailed Student t test in terms
of two independent groups or one-way ANOVA followed by Tukey multiple comparison
test in terms of more than two independent groups (GraphPad Prism, version 6.05;
GraphPad Software, La Jolla, CA). P values <0.05 were considered as statistically
significant. Numbers of independently replicated experiments are indicated in figure

legends.
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3 Results

3.1 NODI1 and NOD2 differentially regulate endothelial miRNA

expression

3.1.1 NOD stimulation induces proinflammatory cytokine expression in murine

primary endothelial cells

Activation of NOD1 and NOD?2 is a well known mechanism of sensing an infection and
leading to a subsequent inflammatory response not only in immune but also in endothelial
cells [160, 209].

To obtain a general estimate about the expression abundance of Nod1 and Nod2, several
murine tissues were isolated and analysed using real-time PCR (Figure 9). The
distribution of Nod1 (A) and Nod2 (B) mMRNA expression resemble each other, both gene
transcriptions show a profound occurrence in organs related to immune responses like
lymph nodes or spleen as well as organs being involved in barrier function like lung or

skin.



Results 38

A Nod1
f ol 08'
2
2 067 ]
% 0.4- ’-T-‘ rL
[} 0.2:_ T I‘T_| T ’_T_‘
s -
o 0.10
£
2 0.054 ’J—‘ ﬂ
(1]
T 000 ﬁﬁlrﬁ !l\r'H ﬁ l—'—|r_'|r‘|r-'|r-|r-‘|ﬁ’l‘
. 1 1 T 1 1 1 1 T 1 1 T 1 T 1 1 T 1 T 1 1 T 1 1 T 1 T 1
: < @ @& & i @28 O M@ O P L&D AD
o‘:@k@ @ ° b(\"’:\'\é S 2B o\ S ,bo'?’@“-z’ L& Q\,?r&q\} &° o&@é &
° & TR LSS TS VY N
{\6 Q = ef: ﬁs\ \)Q' ber @63 a_.'OQ 6\ b\}o 6@6@ b\
< L P O E S A
&6\)6,@%60 é\ob@ C} C} )
FF T
RS &
&é) i A
B Nod2
= 0.015+4
R
w
w
2
£ 0.0104
@
<
b
o
£ 0.0054
@
5 []
EDDDDTI‘I-—II?IITI l’T‘l ll::-—lrll"r‘rl L) L) ll‘:-ll‘;ﬁ".ir‘r?ﬁl?-
O N0 L S O P PO NP LLES NSNS
& < &? ‘0@1\&\ NENCIEG f}%{}@@\a‘i\\@\\@éé (\\a‘\ @50 \‘g{\{\ @o(‘\ (‘\‘@0‘&&@@0\\@\}6@&\ 00\;\@{@@%2{\0
& RN AN PSRN
© LENFRES T &\
s S e S
P& &P &g 9
,%'-’9 e O & (\O
o W
0'—’9@ é\Q > {(\Q
@(‘\—\Q e )

expression of Nodl (A) and Nod2 (B) in different organs of wildtype mice. Gapdh was used as
housekeeping gene and relative expression was calculated using the 22T method. Mean + SEM from 3

| mice is indicated.

Being the interface between exterior milieu and interior oxygen supply via the blood, the
lung plays a pivotal role in anti-infection immune responses. Accordingly vascular
endothelial cells were isolated from murine lungs to assess MiRNAs during an
inflammatory response. To search purposefully for NOD-driven miRNA regulation, two
criteria were controlled: Purity of endothelial cells was assessed using flow cytometry

(Figure 10, A) and induction of proinflammatory cytokines upon NOD stimulation was
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examined by real-time PCR (Figure 11). After two step magnetic bead separation
endothelial cells were stained with CD31-FITC and endothelial cell isolations showing a

good purity were used for NOD stimulation experiments (Figure 11).

A B

[ Icontrol 98.0 %
{JCD31

23

counts

55

CD31-FITC

------------------------------------------------------------------------------------------------------------------------------------------------

: Figure 10: Purity control of isolated murine primary lung endothelial cells. CD31 staining of murine :
primary endothelial cells in comparison to control using flow cytometry and depicted as a histogramm
(A). Brightfield image of murine primary endothelial cells showing typical cobblestone morphology (B).

Scale bar: 100 pm.

After 2 hours of starvation, endothelial cells were stimulated for 6 and 24 hours with Tri-
DAP and MDP respectively. Both NOD1 and NOD?2 stimulation led to a significant
induction of the proinflammatory cytokines Tnf-o, I1-6 and I1-8 (which was assessed as
the murine homologue Cxcl1) after 6 hours compared to unstimulated control (Figure 11).
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endothelial cells were stimulated with Tri-DAP (NOD1 ligand, A) and MDP (NOD?2 ligand, B) for 6 and
24 hours. Fold change mRNA expression of Tnf-a, I1-6 and 11-8 relative to housekeeping control Gapdh
was assessed by real-time PCR and calculated using the 2-24¢T method. *P < 0.05, **P < 0.01 vs. control.

Mean + SEM from 5 independent experiments is shown.

........................................................................................................................................................

To examine miRNAs involved in the NOD-driven proinflammatory cytokine expression,

samples stimulated for 6 hours were used for further experiments.
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3.1.2 NOD-dependent miRNA regulation in murine primary endothelial cells

After RNA quality control with NanoDrop™ 1000 and Agilent 2100 bioanalyzer,
differentially regulated miRNAs were analyzed using TLDA (Figure 12) with the help of
Dr. Evelyn Vollmeister and Dr. Wilhelm Bertrams (AG Schmeck, Marburg).

Color Key log(FC)

.
-4 -2 0 +2 +4
NOD1 regulated (Tri-DAP) NOD2 regulated (MDP)

miR 342-3p _ miR 200a
miR 185 miR 687
miR 582-5p miR 343

:Ij miR 18a miR 339-5p
miR 183 miR let-7a
miR 667-3p miR 467d
miR 495 miR 340-5p
miR 423-5p miR 197
miR 193 miR 467b
miR 532-5p miR 495
miR 124 miR 298
miR 450a-5p miR 203
miR 298-5p miR 337-3p
miR 147b miR 147b
miR 343 miR 23a

[ = = = e e e e e e e e e e mmm e e e m e mmmmm mm e e m

were regulated after NOD stimulation compared to unstimulated control listed according to their

logarithmic fold change.

........................................................................................................................................................
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Subsequent bioinformatical analysis revealed 10 significantly regulated miRNAs after
NOD1 and NOD?2 stimulation (Figure 13).

NOD1-regulated NOD2-regulated

miR-193a-3p ¥
miR-23a-3p |

miR-298-5p |

miR-343 |

miR-200a-3p T

miR-423-5p |

miR-495 |
miR-203-3p |

miR-667-3p |

--------------------------------------------------------------------------------------------------------------------------------------------------------

. Figure 13: Overview of regulated endothelial miRNAs after NOD stimulation. Venn diagram showing :
10 significantly regulated miRNAs after NOD1 (Tri-DAP) and NOD2 (MDP) stimulation of murine
primary endothelial cells analyzed with TLDA. n = 4 independent cell isolations, P<0.05 compared to
unstimulated control.

Out of 10, only miR-200a-3p was found to be upregulated. Of note, miR-147-3p was
downregulated upon NOD1 as well as NOD?2 stimulation. After identification, miRNAS
were validated with the help of real-time PCR primers and probes specific for each
miRNA. 3 miRNAs, namely miR-147-3p, miR-200a-3p and miR-298-5p could be

validated as being significantly regulated after NOD1 and/or NOD2 stimulation (Figure
14 and Figure 15).
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Figure 15: NOD1-regulated miRNAs in primary endothelial cells. After 2 hours starvation, endothelial
cells were stimulated with Tri-DAP for 6 hours. MiRNA fold change expression using real-time PCR was
assessed and normalized to unstimulated control using housekeeping miRNAs sno202 and U6 and
calculated with the 2-AACT method. *P < 0.05, **P < 0.01 vs. control. Mean + SEM from 3 independent

isolations is indicated.
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Figure 14: NOD2-regulated miRNAs in primary endothelial cells. After 2 hours starvation, endothelial
cells were stimulated with MDP for 6 hours. MiRNA fold change expression using real-time PCR was
assessed and normalized to unstimulated control using housekeeping miRNAs sno202 and U6 and
calculated with the 2-AACT method. *P < 0.05, **P < 0.01 vs. control. Mean = SEM from 3-5 independent

experiments is indicated.
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Serving as a control, primary endothelial cells isolated from Nod1~~ Nod2~~ mice lungs
were stimulated with NOD1 or NOD2 ligands as well (Figure 16). All miRNAs that could
be validated (Figure 14 and 15), were not affected in their expression after NOD-
stimulation of Nod-deficient primary endothelial cells, pointing towards a NOD-specific

miRNA regulation.
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: Figure 16: MiRNA regulation of validated candidates in Nod-deficient endothelial cells. After 2 hours :
starvation, endothelial cells were stimulated with Tri-DAP (A) or MDP (B) for 6 hours. miRNA fold-
change expression using real-time PCR was assessed and normalized to unstimulated control using
housekeeping miRNAs sno202 and U6 and calculated with the 22T method. Mean + SEM from 3

 independent experiments is shown.

........................................................................................................................................................

3.1.3 MiRNAs 147-3p and 298-5p as potential regulators of NOD-driven

proinflammatory cytokine expression

After validation, potential target genes were identified by screening the current literature
as well as performing in-silico target gene analysis with the help of different softwares
and algorithms like miRPATH v.3 [207], TargetScan 7.1 [1], mIRDB [212] and
miRTarBase 7.0 [33].

As the groups from Barbagallo and Mor and coworkers [8, 139] already described in
murine pancreatic cells and astrocytes as well as identified in this work by in-silico
analysis, TNF-a is a potential target of miR-298-5p (Table 1). Additionally, miR-147 is
known to target proinflammatory cytokines like TNF-a and IL-6 upon TLR stimulation
in murine macrophages [123]. Concerning miR-200a-3p, neither in-silico analysis nor

screening the current literature revealed a proinflammatory cytokine as a potential target.
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Hence, both miRNAs 147-3p and 298-5p were further analysed in terms of targeting

proinflammatory cytokines upon NOD-stimulation in primary murine endothelial cells.

software miRPATH TargetScan miRDB miRTarBase
cumulative
microRNA S p-value weighted TargetScore | validated before?
gene context++ score
147-3p Ndufa4 0.0310 -1.09 98 no
298-5p Tnf 0.0294 -0.2 56 yes
Pvrll 0.0062 -0.18 94 no
Igflr -0.23 96 yes
Pvrl4 -0.04 n/a no
Vcl -0.14 n/a no
Pfkfb4 0.0238 -0.37 99 no
200a-3p Grb2 0.0003 -0.37 87 no
Src -0.01 84 no
Adrbl -0.2 n/a no
Prkacb -0.27 67 no
Gjal n/a n/a no

Table 1: Potential targets predicted for validated NOD-regulated miRNAs. For the validated miRNAs

miR-147-3p, miR-200a-3p and miR-298-5p target gene analysis using miRPATH, TargetScan, miRDB and

miRTarBase was performed and respective scores and p-values are shown.

Figure 17 shows potential binding sites of miRNAs 147-3p and 298-5p within the 3'UTR

of the target genes Tnf-a and I1-6. MiR-147-3p shows one potential binding site for each

target gene whereas miR-298-5p could bind to three different sites of the Tnf-a 3'UTR.
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| 5 UTR| start coding sequence (CDS) stop 3'UTR poly-A

D’ 37

mouse |I-6 3’ UTR

w
N

5’GTATCTGACT TATGTTGTTC TCTACGRRGA ACTGACRATA TGRATGITGG GRCACTATTT

[ I A I N O N N AR
AucG-UcU uCgURaRggC gUGUG miR-147-3p

5'CTGTTGTCAG GTATCTGACT TATGTTGTTC TCTACGAAGE ACTGACRRATE TGARATGTTGG 3°
| | DR 1
ccculcu uguCggghgG BRGACGY miR-298-5p

mouse Tnf-a 3'UTR
S'TTTCCAGATT CTTCCCTGAG GTGCRATGCA CAGCCTTCCT CACAGAGCCA GCCCCCCTICT

Il I [
auCG-Ucuuc GUaaaggcGu GUG miR-147-3p

w
N

S’ATTCCTGAGT TCTGCARAAGG GRGAGTGGTC AGGTTGCCTC TGTCTCAGRR TGAGGCTGGA 37

| | I FEEE T
cCcuuCuuG UCgggaGGRG RCOG miR-298-5p

5‘CTTCCCTGAG GTGCRATGCA CAGCCTTCCT CACAGAGCCA GCCCCCCTCT ATTTATATTT 37
O e el
¢ cculUCU-uGU CGGGaGGRGE cgg miR-298-5p
5‘TGATTTGGTG ACCAGGCTGT CGCTACATCE CTGRACCTCT GCTCCCCACG GGAGCCGTGR 3°

| i IO A RN
cCc uuculUGUcGyg GR---GGAGE CGg miR-298-5p

6 and corresponding binding sites for miR-298-5p and miR-147-3p are shown. Base-pairing between

matching nucleotides is indicated in capitals.

After transfection of primary lung endothelial cells for 24 hours with mimics for miRNA
147-3p, 298-5p and scramble serving as a negative control, expression of Tnf-a and 11-6

was analyzed with real-time PCR (Figure 18).
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Figure 18: Cytokine expression after transfection with miR-147-3p and miR-298-5p mimics. :
Endothelial cells were transfected for 24 hours with miRNA mimics. Afterwards, Tnf-a (A) and 11-6 (B)
mRNA expression was analyzed by real-time PCR and normalized to scramble control using Gapdh and

calculated with the 2-24¢T method. Mean + SEM from 3 independent experiments is shown.

........................................................................................................................................................

Transfection with miR-298-5p mimic significantly diminished endothelial Tnf-o and 11-6
MRNA expression, whereas transfection with miR-147-3p mimic only affected Tnf-a

expression.
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3.2 Deficiency of NOD1 and NOD?2 alters atherosclerotic lipid
accumulation and cholesterol metabolism

In the following section Nod1 ~~ Nod2 ~~ Ldlr 7~ will be abbreviated as “Nod1/2~

and Ldlr " that serve as controls will be indicated as “con®.

3.2.1 Genetic deletion of NOD1 and NOD2 has no influence on body weight gain

and glucose metabolism

During 12 weeks of feeding period with a HFD, body weight of Nod-deficient and control

mice was assessed every second week.

Although Nod-deficient mice showed significantly increased body weight at different
timepoints (Figure 19, A), only a trend towards net increased body weight gain was

observed compared to control mice (Figure 19, B).
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: Figure 19: Body weight gain over 12 weeks feeding period. Nod-deficient as well as control mice were :
fed a HFD for 12 weeks and body weight was assessed every second week (A). Difference of weight after
12 weeks of HFD compared to weight at beginning of the feeding period (B). For every timepoint unpaired

t-test was performed. *P < 0.05, **P < 0.01 vs. control. Mean + SEM from 12 mice per group is indicated.

After feeding a HFD for 12 weeks, glucose tolerance and inuslin resistance were analyzed
by intraperitoneal injection over a period of 2 hours (Figure 20). Neither after glucose
(A), nor after inuslin injection (B) Nod-deficient mice showed an altered metabolism

compared to control mice.
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. Figure 20: Analysis of glucose tolerance and insulin resistance after 12 weeks of HFD. Mice fed a HFD
for 12 weeks were injected i.p. with glucose (1,25g/kg body weight, A) or insulin (0,75 U/kg body weight,

B) and blood glucose levels were measured for 2 hours. Mean + SEM from 12 mice per group is shown.

3.2.2 NOD deficiency leads to reduced plasma cholesterol fractions and altered

expression of key regulators involved in hepatic cholesterol homeostasis

After feeding a HFD for 12 weeks, mice were sacrificed and plasma lipid profile was
analyzed using FPLC with the help of Prof. Uwe Tietge (Groningen). Figure 21 shows a
significant reduction of total cholesterol as well as the cholesterol sub-fractions vLDL,
LDL and HDL. Plasma triglyceride levels are unaffected by genetic deletion of NOD1
and NOD2.
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Flgure 21: Plasma lipid profile after 12 weeks of HFD. Plasma from Nod-deficient and control mice was |
5 analyzed by FPLC. For every chromatography fraction unpaired t-test was performed.
*P < 0.05, **P < 0.01 vs control. Mean £ SEM from 9 mice per group is indicated. TG: triglycerides, Chol:
total cholesterol, VLDL-C: very low density lipoprotein cholesterol, LDL-C: low density lipoprotein
cholesterol, HDL-C: high density lipoprotein cholesterol. l

e e e e e

To determine whether this plasma phenotype is a result of altered cholesterol uptake or
synthesis, different key regulators involved in the hepatic cholesterol homeostasis were
analyzed by real-time PCR (Figures 22 and 23).

Hepatic mRNA expression of Hmgcr, which is the rate limiting enzyme for cholesterol
synthesis, is elevated in Nod-deficient compared to control mice (Figure 22). This
observation might be an adaptation to reduced plasma cholesterol levels and will be
discussed below. Apolipoproteins like ApoE and ApoC3, which are involved in hepatic
uptake of triglyceride and cholesterol rich particles as well as Lpl, an enzyme responsible
for triglyceride metabolism, did not show any alteration in their expression. Scavenger
Receptor Class B type 1 (Srb1), which plays a major role in hepatic HDL uptake, was not
found to be differential expressed whereas Lrpl, which mediates the uptake of
cholesterol-rich remnant lipoproteins from the circulation, showed a significantly

increased mMRNA expression in Nod-deficient mice compared to controls.
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: Figure 22: Gene expression analysis of regulators involved in hepatic cholesterol homeostasis, panel :
A. Relative gene expression in the liver of Nod-deficient and control mice was analyzed by real-time PCR.

Mean £ SEM from 6 mice per group is indicated and unpaired t-test was performed. *P < 0.05 vs. control.

Sterol regulatory element-binding protein 2 (Srebp2), a transcription factor involved in
cholesterol and fatty acid biosynthesis, was not found to be differentially expressed in
Nod-deficient compared to control mice (Figure 23). To determine if the liver itself
mediates an increased cholesterol secretion into the bile, transporters like Abcg5/8 and
Abcal as well as enzymes involved in bile acid production like Cyp7al were analyzed,
however none was observed to be significantly regulated. Lxrx that is involved in
cholesterol transport showed a significantly increased expression. Together with the
higher expression of Lrpl these data point towards an augmented uptake of cholesterol-
rich chylomicron remnants and vLDL from the blood into the liver and further processing

of cholesterol in Nod-deficient mice.
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: Figure 23: Gene expression analysis of regulators involved in hepatic cholesterol homeostasis, panel :
B. Relative gene expression in the liver of Nod-deficient and control mice was analyzed by real-time PCR.

Mean + SEM from 6 mice per group is indicated and unpaired t-test was performed. *P < 0.05 vs. control.

3.2.3 NOD deficient mice show reduced lipid accumulation and leukocyte
infiltration in the aortic root

To analyze wether the altered lipid phenotype has an influence on atherosclerotic plaque
formation in Nod-deficient mice, cryosections of the aortic root were examined in terms
of lipid accumulation (ORO staining), leukocyte infiltration (MOMA-2 staining), smooth
muscle cell (a-SMA staining) as well as collagen content (Sirius Red staining). Nod-
deficient mice showed a significant reduction in lipid accumulation as well as leukocyte

infiltration after 12 weeks of HFD compared to control mice (Figure 24).
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| Figure 24: Analysis of lipid deposition and leukocyte infiltration in aortic root atherosclerotic plagues.
ORO staining of aortic root cryosections and corresponding analysis of lipid deposition (above). Red color
represents ORO positive area. MOMA-2 staining and subsequent analysis of monocyte and macrophage
infiltration into atherosclerotic plaque (below). Brown color represents MOMA-2 positive area. Mean *
SEM from 10 mice per group is indicated and unpaired t-test was performed. *P < 0.05, **P < 0.01 vs.

: control.

To obtain information about the plaque composition, staining for a-SMA and collagen
were analyzed as well (Figure 25). While no difference was observed in terms of a-SMA,
Nod-deficient mice showed significantly more collagen content in their atherosclerotic

plaques compared to control mice, pointing towards a more stable plague phenotype.
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a-SMA staining of aortic root cryosections and corresponding analysis (above). Brown color represents o-
' SMA positive area. Sirius Red staining and subsequent analysis of collagen content (below). Red and |
yellow color represent Sirius Red positive area. Mean + SEM from 7 mice per group is indicated and

unpaired t-test was performed. *P < 0.05 vs. control.
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3.2.4 Deletion of NOD1 and NOD2 shows no alteration in aortic lipid deposition

To evaluate if deficiency of NOD1 and NOD?2 also affects overall lipid deposition and
atherosclerotic plaque burden, thoraco-abdominal aorta from Nod1/2~~ and control mice
were prepared en-face and stained for lipid accumulation using ORO. As shown in figure
26, NOD deficiency did not result in significant alterations of lipid deposition in the

thoraco-abdominal aorta.
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: Figure 26: Analysis of lipid deposition in murine thoracoabdominal aorta. ORO staining of en- !
face prepared thoracoabdominal aorta. Bar graph shows mean £ SEM from 10 mice per group (left).
Representative images of ORO stained aortas from Nod-deficient and control mice are depicted, red

color represents ORO positive area.
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3.2.5 NOD deficiency leads to reduced foam cell formation and elevated

expression of cholesterol efflux transporters

Since Nod-deficient mice showed less lipid deposition and macrophages in the plaques
of the aortic root, next the ability of macrophages to undergo foam cell formation by
modified LDL uptake was assessed. Therefore, bone marrow-derived macrophages were
isolated from 10 weeks old Nod-deficient and competent mice and coincubated with dil-
labeled oxLDL. Dil-positive cells were counted and overall dil-oxLDL flouresence
intensity was analyzed using flow cytometry (Figure 27). Additionally, relative gene
expression of key regulators of macrophage cholesterol uptake and efflux was assessed
by real-time PCR (Figure 28).

Macrophages isolated from Nod-deficient mice showed a significant reduction of foam
cell formation measured as a decreased mean flourescence intensity (MFI) by flow
cytometry compared to control mice. The same trend was observed using fluorescence

microscopy (Figure 27).
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: Figure 27: Foam cell formation analysis of Nod-deficient and control macrophages. Uptake of dil- :
labeled oxLDL by bone marrow-dervied macrophages was assessed by quantifying mean flourescence
intensity (MFI) with flow cytometry and dil-positive cells/fHPF by flourescence microscopy. Bar graphs

show mean £ SEM from 7 mice per group and unpaired t-test was performed. **P < 0.01 vs. control.

To analyze the mechanism leading to reduced oxLDL uptake and foam cell formation in
macrophages isolated from Nod-deficient mice, relative gene expression of key regulators
of macrophage cholesterol uptake and efflux were assessed by real-time PCR (Figure 28).
Genes being involved in cholesterol uptake comprise members of the scavenger receptor
family like Sral, CD36 and Lox1. These did not show a differential expression in Nod-
deficient mice. However, genes known to mediate reverse cholesterol transport and efflux
like Abcal and Abcgl showed a significantly increased mRNA expression in
macrophages isolated from Nod1/2~~ mice. Lxra, which showed an increased mRNA
expression in the liver of Nod-deficient mice, did not show any altered expression in Nod-
deficient macrophages compared to control.
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: Figure 28: Gene expression analysis of regulators involved in macrophage cholesterol homeostasis.

Relative gene expression in macrophages isolated from Nod-deficient and control mice at the age of 10

weeks was analyzed by real-time PCR. Mean + SEM from 6 mice per group is indicated and unpaired t-

| test was performed. *P < 0.05 vs. control.

........................................................................................................................................................
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3.2.6 NOD deficiency exhibits no influence on plasma cytokine levels and

peripheral blood and bone marrow monocyte subsets

To assess wether the lack of NOD1 and NOD?2 leads to an altered plasma cytokine and
chemokine profile which might result in imparied monocyte recruitment as part of an
inflammatory response, plasma of Nod1/2 ~~ and control mice was analyzed with a

mouse plasma cytokine array (Figure 29).

Only few cytokines, chemokines and growth factors developed a detectable signal and
mice lacking NOD1 and NOD2 showed only minor differences in plasma cytokine levels,
namely B lymphocyte chemoattractant (BLC) and complement component 5 (C5/C5a).
Soluble ICAM-1, which is a known marker of vascular inflammation [215], was observed
to be slightly reduced in Nod-deficient mice.
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. Figure 29: Analysis of cytokines, chemokines and growth factors in plasma of NOD deficient and !
control mice. Plasma of Nod1/2~~ and control mice after 12 weeks of HFD was analyzed using Proteome
Profiler Mouse Cytokine Array. Detected signal intensity normalized to positive control is indicated as

mean + SD. 12-14 plasma samples were pooled per group.
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To elucidate whether the observed reduction of monocyte and macrophage infiltration
into aortic root atherosclerotic plagues might be a result of altered occurrence of
monocyte subsets, peripheral blood and bone marrow from Nod1/2 ~~ and control mice
at the age of 10 weeks were analyzed using flow cytometry (Figure 30). Monocyte subsets
were characterized by differential expression of the inflammatory marker Ly6C. Nod-
deficient mice exhibited no differences in monocyte subsets in the blood as well as bone

marrow compared to control mice.
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: Figure 30: Monocyte subset distribution in blood and bone marrow of Nod-deficient and control mice. :
PBMCs and bone marrow cells from Nod1/2~~ and control mice at the age of 10 weeks were isolated and
monocyte subsets were characterized by differential expression of Ly6C using flow cytometry. Mean +

SEM from 3-4 mice per group is indicated.
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3.2.7 Nod-deficient mice show no differences in the expression of intestinal

cholesterol key regulators

In order to determine if the observed reduction in total cholesterol and cholesterol
subfractions in the plasma of Nod-deficient mice might be caused by alterations in the
transintestinal cholesterol efflux and uptake, ileum mRNA expression of key regulators
like Abcal, Abcg5/8, NPC1L1 and Mtp were analyzed. None of the aformentioned genes
were observed to be differentially expressed in Nod-deficient mice compared to control

mice (Figure 31).
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: Figure 31: Gene expression analysis of regulators involved in intestinal cholesterol homeostasis. :
Relative mRNA expression in the ileum of Nod-deficient and control mice was analyzed by real-time PCR.

Mean + SEM from 5-8 mice per group is indicated.

3.2.8 NOD deficiency leads to elevated cholesterol levels in the cecum

To evaluate wether genetic deletion of NOD1 and NOD2 not only affects plasma
cholesterol levels but also intestinal occurrence of cholesterol and its degradation
products, the cecum of Nod-deficient and control mice were analyzed using FPLC with
the help of Prof. Uwe Tietge (Groningen). Nod-deficient mice showed a profound
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increase in total cholesterol as well as dihydrocholesterol and coprostanol, the latter being
derivatives of cholesterol (Figure 32). Different primary and secondary bile acids like
ursodeoxycholic acid or muricholic acid were analyzed as well, but did not show any

significant regulation (Table 2)
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Figure 32: Analysis of cholesterol and cholesterol derivatives in the cecum of NOD-deficient mice. :
After 12 weeks of HFD, cecum of Nod1 ~ Nod2 7 LdIr 7~ and control mice were analyzed with FPLC.

Mean + SEM from 8-14 mice per group is indicated and unpaired t-test was performed. ** P < 0.01 vs.

! control.

bile acid con Nod1/2~"~
da-muricholic acid 2,74+0,67 3.17+0,53
deoxycholicacid 2,50+0,59 3,60+0,64
cholic acid 453+1,60 3,15+ 0,56
chenodeoxycholic acid 0,23+0,10 0,18+ 0,05
hyodeoxycholic acid 0,17+0,03 0,26+ 0,06
ursodeoxycholic acid 0,20+ 0,07 0,21+0,05
B-muricholic acid 4,37+1,29 3,43+0,85
w-muricholicacid 2,89+0,44 4,09+0,40

Table 2: Analysis of bile acids in the cecum of Nod-deficient compared to control mice. After 12 weeks
of HFD, the cecum of Nod-deficient and control mice were analyzed with FPLC. Mean £ SEM from 8-14

mice per group is indicated in nmol/mg.
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3.2.9 NOD deficiency does not significantly alter microbial composition in the

cecum

Although it is well known that feeding a high fat diet alters the bacterial composition of
the gut [41], less is known about the microbiota of Nod-deficient hypercholesterolemic
mice. Only in terms of microbial gut composition under homeostatic conditions in Nod-

deficient mice there are few observations with rather conflictive outcomes [4, 166].

To test if the systemic knockout of NOD1 and NOD2 in hypercholesterolemic mice
exhibit microbial changes in the gut, cecum of Nod-deficient and control mice were
anylzed using 3 generation sequencing with the help of Dr. Volker Ruppert and Dr.
Muhidien Soufi (Zusk, Marburg).

Mice being deficient for NOD1 and NOD2 showed no significant alteration of the
bacterial composition in their cecum (Figure 33).
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: Figure 33: Relative abundance of identified bacterial families in the cecum of Nod-deficient compared :
to control mice. After DNA extraction, purification and barcode labeling, 3" generation sequencing was
performed using Oxford Nanopore Technologies MinlON. Cecum from 7-8 mice per group were used and

about 660.000 reads per group were achieved. Data are depicted as mean and stacked bars.
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However, within the family of Eubacteriaceae, which were elevated in the Nod-deficient
mice group (9,3% vs. 5,4% in the control group), one bacterial species stood out that is
known to metabolize cholesterol to coprostanol [61]: Though not statistical significant,
Nod-deficient mice showed an elevated relative abundance of Eubacterium
coprostanoligenes compared to control mice (Figure 34), which is in line with the

elevated coprostanol levels in the cecum of Nod-deficient mice.
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| Figure 34: Relative abundance of the Eubacterium coprostanoligenes species in the cecum of Nod- |
deficient compared to control mice. After DNA extraction, purification and barcode labeling, 3"
generation sequencing was performed using Oxford Nanopore Technologies MinlON. Mean + SEM from
6 mice per group is indicated.
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4 Discussion

4.1 NOD-dependent endothelial miRNA regulation

This work demonstrates the NOD-specific miRNA regulation of miR-147-3p and miR-
298-5p in murine lung primary endothelial cells. Furthermore, target gene analysis
exhibited miRNA-specific regulation of the cytokines TNF-o and IL-6. Hence, these
findings reveal a novel, miRNA-mediated amplifying mechanism linking NOD receptor
activation and cytokine expression, which is a hallmark for vascular inflammation and

endothelial dysfunction.

4.1.1 MIiRNAs in the context of vascular inflammation

In the last decades different hypothesis evolved attempting to determine the initial cause
for the development of atherosclerotic plaques. The most widely accepted was stated by
Russel Ross and John Glomset who proposed that a specific “injury”, nowadays stated as
risk factors like elevated and modified LDL, reactive oxygen species, hypertension and
others, causes vascular inflammation and endothelial dysfunction [172]. If continuing,
this process leads to leukocyte recruitment, adhesion and invasion as well as lipid
accumulation, foam cell formation and in the end to atherosclerotic plaque development.

Hence, endothelial cells play a crucial role in these pathogenic processes.

Several studies have shown that bacteria-derived fragments like peptidoglycans have
been identified in atherosclerotic plaques and chronic inflammatory diseases have been
associated with atherosclerosis and cardiovascular diseases [15, 81, 131]. Thus,
endothelial cells lining the pulmonary blood vessels play an essential role not only in
presenting a physical barrier between the exogenous and endogenous milieu but also in
sensing invading pathogens and initiating and adequate immune response. Here, PRR
including NOD1 and NOD?2 are of vital importance as pathogen sensors and mediators of
inflammatory responses. However, nothing is known about the NOD-driven vascular
inflammation in terms of miIRNA regulation. MiRNAs are upstream fine-tuning control
elements of gene expression. In most cases miRNAs lead to target gene silencing by
mediating either mMRNA degradation or inhibition of mMRNA translation [138]. Though,
some studies indicate that miRNAs are also able to promote target mRNA translation
[204]. Only few studies described the influence of miRNAs during vascular
inflammation, for instance miR-126 targeting VCAM-1. Here, Harris and coworkers
reported reduced leukocyte adhesion on endothelial cells pretreated with premiR-126, a
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precursor of the mature miRNA [79]. Recently, Wu et al. reported that miR-328
diminished oxLDL-induced endothelial inflammation and oxidative stress by targeting
high-mobility group box-1 [217]. Also the blood flow influence certain flow-sensitive
endothelial expressed miRNAs, for instance miR-10a or miR-92a, inducing either
endothelial dysfunction under disturbed flow conditions or homeostasis under stable flow
conditions [111]. Up to now, few studies observed miRNAs that alter NOD2 signaling by
either targeting NOD2 directly or downstream targets like TAK1 in different tissues like
colonic epithelial cells or macrophages [34, 156, 158]. However, none of these studies

reported a NOD-driven miRNA regulation.

4.1.2 MiR-147 and miR-298 function in an amplifying mechanism of NOD-
signaling

One possible study limitation of this work was the purity of primary endothelial cells. To
overcome this limitation, after two-step magnetic bead separation using two different
endothelial cell markers, CD144 and CD31, cells were stained for CD31 and purity was
assessed using flow cytometry. Only isolations showing a purity rate of > 90% were used

for further experiments.

Since the aim of this work was to identify NOD-driven miRNAs involved in
inflammatory signaling, isolated primary endothelial cells were treated with the NOD1
and NOD?2 ligands Tri-DAP and MDP, respectively, and samples showing a profound
cytokine induction were further used for miRNA analysis. As seen in figure 11, NOD-
driven cytokine induction is transient, with a peak after 6 hours. Accordingly, samples
treated with NOD-ligands for 6 hours were used for TLDA. In this work, 10 differentially
regulated miRNAs were identified after NOD stimulation. Out of those, three were
subsequently validated as being NOD-specifically regulated using Nod-deficient
endothelial cells. miR-147-3p was observed to be down-regulated by both, NOD1 and
NOD2 stimulation. This seems reasonable since activation of both receptors lead to a

common signaling cascade.

It has been already demonstrated that miR-298-5p targets TNF-a [8, 139], thus it was not
surprising that this cytokine was also listed within in-silico target gene analysis performed
in this work. However, both studies used unspecific endotoxins or cytokines like LPS that
regulated miR-298-5p. In this work, using Tri-DAP, the regulation of miR-298-5p was
shown to be specific for NOD1. Additionally, both target genes TNF-a and IL-6, which
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are cytokines crucially linked to vascular inflammation, were validated using miR-298-

5p mimics.

Liu and coworkers reported that miR-147-3p is induced upon TLR stimulation in
macrophages and is dependent on the expression of Normal mucose of esophagus-
specific gene (NMES) 1, which has been suggested to exert a suppressive function in
esophageal carcinoma [226]. Furthermore, the same group identified inflammatory
cytokines including TNF-a and IL-6 being targeted by miR-147-3p. Hence, in this setting
miR-147 functions as a negative regulator of TLR signaling [123].

In contrast, this work describes miR-147-3p being NOD-specifically down-regulated and
targeting TNF-a as well, thus operating as an amplifying mechanism of NOD1 and NOD2
signaling. In contrast, luciferase reporter assays revealed no direct binding of miR-147-
3p onto the 3"UTR of TNF- a or IL-6, pointing towards an interposed mediator between
miR-147 and it’s target genes. Interestingly, Xu and colleagues reported that miR-147 is
upregulated upon chronic inflammatory processes simulated by periodontitis and that
miR-147 promotes classical M1 macrophage activation [220]. Moreover, miR-147 has
been implicated in endothelial barrier function as well, targeting disintegrin and
metalloproteinase domain-cotaining protein (ADAM) 15, a crucial mediator of enhanced
permeability during vascular inflammation [30]. In line with this observation, the target
gene in-silico analysis of miR-298-5p revealed Vinculin (VCL) and Nectin4 (PVRL4) as
potential target genes, both involved in the function of adherens junctions and focal
adhesion, thus playing crucial roles for endothelial permeability. However, because the
primary endothelial cells isolated in this work showed limited confluence, the focus of
this study was on NOD-regulated miRNAs that influence endothelial cytokine

expression.

In conclusion this work describes for the first time the NOD-dependent down-regulation
of the miRNAs miR-147-3p and miR-298-5p in endothelial cells. By performing
transfection experiments using mimics it was shown that both miRNAs target TNF-a.
Moreover it was observed that miR-298-5p additionally targets IL-6. Thus, the NOD-
driven miRNA regulation of miR-147-3p and miR-298 serves as an amplifying
mechanism, thereby enhancing endothelial cytokine signaling upon NOD1 and NOD2
activation, a fine-tuned trigger that might potentiate vascular inflammation. As the next
steps, TNF- a and IL-6 mRNA expression after antagomir transfection will be examined.

Furthermore, it will be investigated if the effect of miR-147-3p and miR-298-5p mimic
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transfection on TNF-a and IL-6 expression is also reproducible on protein level. To study
If miR-147-3p and miR-298-5p also play a role in cell-cell communication, their secretion
into microvesicles could be examined. Additionally, in cooperation with AG Schmeck,
Marburg, Luciferase Reportergene Assays will be performed to show a direct interaction
between the miRNA mimics of miR-147-3p and miR-298-5p and the corresponding
3'UTR of TNF-a and IL-6. Furthermore, predicted binding sites will be mutated to
exclude any secondary effects. Especially the interplay between endothelial miRNAs and
their target genes coding for cytokines or chemokines might be a promising cutting-edge
for future therapeutic miRNA approaches. Up to now, most therapeutic approaches use
antisense oligonucleotides to block specific miRNA function [128]. However, several
obstacles need to be overcome before small interfering RNA (siRNA)-based therapeutics
can make a benefit. The small RNA molecules need to be stable in the patients circulation
and targeted, cell-specific uptake is crucial. It is known that antisense oligonucleotides
tend to accumulate in the liver and kidney. Because administered siRNA gets diluted in
the body, they need to be applied in high-dose concentrations, which can lead to
hepatotoxic or nephrotoxic effects. Thus, it is urgent that the administered SiRNA
therapeutics can be delivered to it’s target tissue in a more specific manner. Just recently,
results gained within a phase | clinical trial using inclisiran, the first agent composed of
siRNA, showed no severe adverse effects and a significant reduction in
proproteinkonvertase subtilisin/kexin type (PCSK) 9, the target gene, and subsequent
plasma LDL levels [57]. However, due to a limited number of participants these results
must be reviewed. Nevertheless, agents composed of siRNA allow a completely new
therapeutic approach and treatment options that need to be identified and validated in the

future.
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4.2 Role of NOD1 and NOD?2 in vascular inflammation,

atherogenesis and cholesterol metabolism

Experimental studies of this thesis demonstrate that under hyperlipidemic conditions,
systemic deletion of NOD1 and NOD?2 signaling results in a metabolic-driven,
antiatherogenic phenotype. Nod-deficiency led to diminished atherosclerotic lesion
burden, reduced plasma lipids and enhanced reverse cholesterol transport without

affecting cytokine levels in the circulation and glucose homeostasis.

Although it is known that endothelial inflammation drives atherogenesis and chronic
inflammatory diseases correlate with the development of atherosclerosis, in the past
decades the focus of therapeutic treatment and prevention was on regulating metabolic
parameters like plasma lipids. Accordingly, a recent study reported that almost every third
(27.8%) US adult 40 years of age and older uses statins [174]. Despite great benefits
achieved by cholesterol-lowering statin treatment especially for high-risk CVD patients,
still cardiovascular events occur. Patients who do not respond to statin therapy can be
treated with PCSKY9 inhibitors, another treatment strategy to lower plasma cholesterol.
However, cardiovascular events that occur under lipid-lowering treatment can be the
result of a residual inflammatory burden. The fact that inhibition of inflammatory
signaling may influence cardiovascular outcomes independent of cholesterol was recently
proven in the CANTOS trial. Using a monoclonoal antibody targeting IL-1p, a cytokine
activated by the NOD-like receptor NLRP3, significantly reduced the rate of recurrent
cardiovascular events [163]. This outcome clearly indicates the urgent need of new

inflammation-related treatment options for high-risk patient populations.

However, several studies indicate that getting to the bottom of atherosclerosis
development, it is not a “either lipids or inflammation”, but rather an ‘“as well as”

situation.

4.2.1 NOD1 and NOD2 link innate immunity and metabolic processes

The influence of lipids and lipoproteins, for instance modified LDL particles, on
endothelial cells resulting in inflammatory signaling and dysfunction are well known [6].
However, only in the last few years it has been shown that PRRs are also activated by
endogenous ligands including cholesterol and fatty acids. Until now, these interactions
are reported in particular for TLR4 [167, 168]. Zhao and coworkers showed that lauric

acid, a saturated fatty acid, activates NOD1 and NOD?2 in colonic epithelial cells, thereby
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inducing sterile inflammatory processes [224]. Hence, metabolic parameters exert a
certain influence on PRR, which were initially thought to be limited to pathogen
recognition. Inversely, several studies indicate that activation of these innate immune
receptors also mediates metabolic responses besides the well-known inflammatory
processes. Tamrakar and colleagues reported that NOD2 signaling induces a reduction of
GLUT4 translocation resulting in insulin resistance in muscle cells. Furthermore, they
found NOD2-driven induction of mitochondrial ROS generation and subsequent
mitochondrial dysfunction being the cause of impaired glucose homeostasis [137, 194].
Based on these results, the same group transferred their hypothesis to an in-vivo model.
They show that mice deficient for NOD1 and NOD?2 are protected from HFD-induced
insulin resistance and inflammation as well as lipid accumulation in adipose tissue and
liver. These observations could not be confirmed in this work, Nod deficiency showed no
influence on glucose tolerance or insulin resistance after 12 weeks of HFD compared to

controls. This might be due to differences in the genetic background or diet composition.

Furthermore, Schertzer and coworkers reported that NOD1 stimulation resulted in an
impaired insulin metabolism in hepatocytes and adipocytes. In contrast to results
presented in this work, the same group observed a reduction in serum IL-8 levels in Nod-
deficient mice [178]. Bringing these two publications together, NOD1 and NOD2 exert
apparently tissue-specific functions in adipocytes and muscle tissues in terms of insulin
resistance. The same group also examined the metabolic role of NOD2 alone and
observed that defective NOD2-signaling increases bacterial translocation into metabolic
tissues, thereby promoting inflammation and insulin resistance. Furthermore, dietary
stress using a HFD and NOD2 deletion altered the microbial cecum composition [46]. In
contrast, this work demonstrates no major differences in the cecum bacterial composition
between Nod-deficient and control mice. Taken together, both NOD1 and NOD2
receptors represent a crucial link between innate immunity and metabolism by
differentially regulating bacterial translocation, tissue inflammation, glucose tolerance

and insulin resistance.

4.2.2 NOD1 and/or NOD2 deletion results in diminished atherosclerotic lesion

burden in different mouse models

Similar to enhanced lesion burden after NOD?2 stimulation reported by Johansson et al.
[91], Kanno and coworkers observed accelerated atherogenesis in ApoE-deficient mice

that were administered FK565, a synthetic, NOD1-specific ligand. By using Nod1l-
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deficient mice, the same group reported a reduced atherosclerotic lesion burden [93]. Of
note, Johansson et al. observed only a reduced necrotic core, no overall diminished
atherosclerotic plaque burden in Nod2-knockout mice. However, these observations are
in line with the results gained during this work, showing reduced atherosclerotic plaque
formation in mice deficient for NOD1 and NOD2.

4.2.3 Reduced atherosclerotic lipid accumulation is caused by decreased
cholesterol uptake and increased reverse transport in Nod-deficient mice

Nod-deficient mice exhibited less lipid accumulation in atherosclerotic plaques, which is
likely due to altered plasma cholesterol levels. In contrast, neither Kanno nor Johansson
et al. observed altered plasma lipid profiles after NOD1 or NOD2 activation [91, 93].
Elevated plasma lipids are a well-known critical factor for the development and
progression of atherosclerosis. Hence, statin therapy aiming at lowering lipoprotein levels
and reducing atherosclerotic cardiovascular disease events is recommended for the
majority of patients [188]. Nod-deficient mice showed reduced plasma levels of total
cholesterol as well as it’s subfractions, however triglyceride levels were unaffected
compared to control mice. The proatherogenic lipoproteins vLDL and LDL as well as the
anti-atherogenic HDL necessary for reverse cholesterol transport were significantly
reduced in mice lacking NOD1 and NOD2. These observations correlate with an
increased hepatic MRNA expression of Lrpl, a member of the LDL receptor family.
LRP1 is suggested to function as an endocytic receptor for lipoproteins carrying the
apolipoproteins ApoE and/or ApoB48, including chylomicrons, chylomicron remnants,
vLDL, IDL and HDL particles [16, 169]. Because of the transition from vLDL-IDL-LDL
particles it seems reasonable that, although LRP1 does not directly contribute to LDL
uptake, net plasma LDL levels were found to be reduced in Nod-deficient mice. Thus,
enhanced Lrpl expression leads to an accelerated cholesterol clearance and uptake from
the circulation into the liver in Nod-deficient mice. By upregulation of hepatic Lxro
expression, Nod-deficient mice may stimulate the excretion of cholesterol via two
pathways: Cholesterol can be further metabolized to bile acids via Cyp7al or can be
excreted with the bile into the intestine. However, Nod-deficient mice did not show a
significant alteration in hepatic Cyp7al and Abcg5 mRNA expression, the latter being a

crucial mediator for cholesterol bile excretion.

Johansson and coworkers observed a Nod2-dependent regulation of oxLDL uptake and

efflux in macrophages [91]. In this work macrophages isolated from Nod-deficient mice
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exhibited a clear reduction in foam cell formation. This phenotype is most likely due to a
significant increase in Abcal and Abcgl mRNA expression, both transporters known to
be responsible for cholesterol clearance. In contrast, scavenger receptors like Sral and
Lox1 mediating cholesterol uptake were unaffected by NOD1 and NOD2 deficiency.
These results suggest a key role for NOD1 and NOD?2 in intracellular cholesterol
accumulation by regulating HDL-mediated cholesterol efflux via ABCA1 and ABCG1.
Interestingly, a recent study proposed a link between LRP1 phosphorylation, LXRa
activation and subsequent induction of ABCAL expression in macrophages, thereby
postulating a crucial role for the endocytotic receptor LRP1 during reverse cholesterol
transport [218]. Indeed, target genes of LXRa are not only involved in bile acid synthesis
but also reverse cholesterol transport, namely ABCA1 and ABCGL1 [206, 211]. However,
this work outlines no alteration in Lxra mRNA expression in macrophages isolated from
Nod-deficient mice, pointing towards an alternative pathway of regulation. Thus, further
work is warranted to elucidate the underlying mechanisms by which inhibition of Nod-
signaling shapes the balance of macrophage cholesterol homeostasis towards an increased
efflux.

4.2.4 Reduced monocytes and increased collagen content in plagues of Nod-

deficient mice

Rupture of atherosclerotic plaques is the main cause of myocardial infarction and stroke.
Furthermore it is known that an increased expansion of the necrotic area, enhanced plaque
inflammation and a reduced fibrous cap correlate with an instable plaque phenotype [56].
In this context, Johansson et al. reported that repetitive NOD2 stimulation led to an
increased necrotic core formation [91]. Accordingly, Kanno and coworkers observed an
increased amount of monocytes and macrophages in atherosclerotic plaques after NOD1
stimulation via FK565 administration [93]. Experimental data obtained in this work
nicely go with these results: Nod-deficient mice showed a clear reduction of monocytes
and macrophages and a significant enhancement of collagen in atherosclerotic plaques
compared to control, emphasizing the role of NOD1 and NOD?2 in atherosclerotic plaque
composition. Reduced infiltration of monocytes and macrophages into atherosclerotic
plagues might have different causes. To elucidate these, plasma cytokines and
chemokines were assessed and monocyte subsets in the blood and bone marrow were
analyzed. Especially chemokines like MCP-1 are well-known drivers of leukocyte

recruitment and are released into circulation upon vascular dysfunction, thereby
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particularly attracting Ly6C" monocytes to sites of inflammation [37]. However, the
analysis of plasma cytokines showed no alterations in proteins being elevated during
vascular inflammation and progression of atherosclerosis like MCP-1 or soluble VCAM-
1 in Nod-deficient mice. These data are in contrast to the systemic and chronic
inflammation proposed by Johansson and coworkers, who postulated enhanced intestinal
microbe translocation in systemic NOD2-knockout mice [91]. Moreover, Nod-deficient
mice showed no differences in relative abundance of monocyte subpopulations in the

circulation and bone marrow.

4.2.5 Nod-deficiency results in accumulation of cholesterol and its degradation

products in the cecum

In this work, Nod-deficient mice showed a significant increase in cecum cholesterol as
well as dihydrocholesterol and coprostanol, both degradation products of cholesterol.
This observation might be caused by three mechanisms: First, intestinal expression of
transporters mediating cholesterol uptake, like NPC1L1, or efflux, for instance via
ABCG5/8, might be altered in Nod-deficient mice. This route was ruled out since Nod-
deficient mice did not show any differences in the ileal mMRNA expression, neither for
Npcll1, nor for Mtp, a microsomal transfer protein necessary for chylomicron assembly
in the enterocyte. Only minor changes towards an increased mRNA expression of the
cholesterol efflux transporters Abcal and Abcg5/8 could be detected. Second, Nod
deficiency resulted in an increased macrophage cholesterol efflux, mediated by an
induced macrophage expression of Abcal and Abcgl. Thereby, HDL-mediated reverse
cholesterol transport back to the liver may be enhanced. Here, elevated hepatic Lxra
expression promotes cholesterol excretion into the intestinal tract in Nod-deficient mice.
Third, although Nod-deficient mice exhibited no major differences in their bacterial
composition in the cecum, an increased relative abundance of Eubacterium
coprostanoligenes was observed. This bacterium is an anaerobic, gram-positive
coccobacillus known to metabolize cholesterol to coprostanol, a non-absorbable sterol
that is further excreted in the feces [61]. Limited animal numbers (n=6) and high
variations in relative bacterial abundance might underpower these results. Worthy of note,
oral administration of this bacterium led to reduced plasma cholesterol levels in
hypercholesterolemic rabbits [119]. Up to now, only few cholesterol-metabolizing
bacteria have been isolated and the genes underlying these metabolic processes are still

unknown [65]. Deciphering these genes and their mode of action can make substantial
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contribution to the impact of gut microbial cholesterol metabolism on impaired host

cholesterol homeostasis and atherosclerosis.

4.2.6 Different experimental setups limit the comparability of existing studies

In conclusion, this work provides new insights into the roles of NOD1 and NOD?2 in
atherosclerosis by using a mice model deficient for both receptors on an LDL receptor
knockout background, an attempt no study has described before. Thus, the net
contribution of both NOD receptors to the pathogenesis of atherosclerosis was assessed
in this experimental setup. Due to different experimental setups a direct comparison
between this work and the data published by the groups of Kanno [93], Yuan [222],
Johansson [91] and colleagues should be drawn with caution. Even the comparison
between data obtained by two different groups analyzing the same NLR elucidated
conflictive outcomes: Yuan and coworkers proposed an anti-atherogenic role of NOD2,
whereas Johansson and colleagues postulated a pro-atherogenic role for NOD?2 signaling.
Related to this work, Johansson et al. used Ldlr-deficient mice as well, which were treated
via i.p. injection with the NOD2 ligand MDP or PBS once per week for 10 weeks. This
repetitive NOD2 stimulation setup, similar to the repeated gavage of Porphyromonas
gingivalis performed by Yuan et al. in ApoE-deficient mice and the repetitive NOD1-
ligand administration performed by Kanno et al., simulates a constant, acute infection as
seen in septic patients. These experimental setups rather stimulate solely PAMPs-
associated inflammatory responses via NOD1 or NOD2 and potentially mask Nod-driven
regulations activated during a chronic, low-grade inflammation caused by HFD. Surely
peptidoglycan and it’s fragments have been detected in atherosclerotic plaques and
microbiota have been suggested to be the source of these molecules [108, 112]. However,
there is growing evidence that PRR are not only activated by PAMPs but also endogenous
danger signals (DAMPs) like unsaturated fatty acids, cholesterol crystals, extracellular
matrix breakdown products or heat shock proteins released from apoptotic and necrotic
cells [44, 167, 187]. Thus, in this study the contribution of NOD1 and NOD2 during a
diet-induced, metabolic and subliminal inflammation was assessed. By using systemic
knockouts that were fed a high fat, high cholesterol diet and analyzing not only lesion
burden but also plasma lipids, intestinal, hepatic and macrophage cholesterol metabolism
and composition of the gut microbiota, this approach was set up to gain new insights into
the role of NOD1 and NOD?2 in vascular inflammation and atherosclerosis in a broader

context. To obtain a more detailed insight into the metabolic processes affecting
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cholesterol alterations in Nod-deficient mice, hepatic total cholesterol and lipoprotein
levels could be further investigated using FPLC. Moreover, to asses the contribution of
the described reduced foam cell formation and elevated macrophage ABCA1 and ABCG1
expression on cholesterol metabolism and atherosclerosis, an experimental bone-marrow
transplantation setup could enable new insights. Thus, transferring bone marrow from
Nod-deficient mice into controls and vice versa, the influence of myeloid expressed
NOD1 and NOD2 on reverse cholesterol transport and atherosclerotic plaque

development could be investigated.

It is well-known that disorders including diabetes, atherosclerosis and obesity aggravate
and promote each other. The common threat of the aforementioned diseases is
inflammation, no matter if pathogenic or endogenous/metabolic origin. Hence, it is
indispensable to evaluate mediators of inflammatory processes like NOD1 and NOD2 on
different aspects including atherogenesis, systemic inflammation and insulin resistance
as well as lipid metabolism and gut dysbiosis. Further studies need to reveal the tight
connection between these disorders to improve therapeutical approaches and reduce side

effects to prevent a shift to one or another aspect.
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4.3 Summary

Within this work two separate projects were investigated: the contribution of NOD-
dependent microRNA regulation in endothelial cytokine expression and vascular
inflammation and the role of NOD1 and NOD?2 in atherogenesis and cholesterol
metabolism. Both NOD1 and NOD?2 receptors belong to the class of pattern recognition
receptors responsible for pathogen sensing, which mediate a proinflammatory innate

immune response upon their activation.

Regarding the first project it was shown that NOD1 and NOD?2 activation differentially
regulate three different microRNAs in murine lung primary endothelial cells: miR-147-
3p, miR-200a-3p and miR-298-5p. On the background of the current literature and in-
silico analysis performed in this work, TNF-a and IL-6 were identified as potential target
genes of miR-147-3p and miR-298-5p. By performing transfection experiments using
mimics for both microRNAs, TNF-a as well as IL-6 exhibited a diminished expression,
indicating a microRNA-driven target gene regulation. Since miR-147-3p and miR-298-
5p are downregulated after NOD-stimulation, these results point to an amplifying
mechanism of NOD-dependent cytokine induction, an essential prerequisite of vascular

inflammation.

Within the second project it was demonstrated that deficiency of NOD1 and NOD2 results
in reduced lipid and leukocyte accumulation in atherosclerotic plaques, which correlates
with decreased plasma cholesterol. Potential causes of this Nod-deficient phenotype
could be an enhanced hepatic cholesterol uptake, mediated by an increased expression of
LRP1. Moreover, macrophages isolated from Nod-deficient mice showed reduced foam
cell formation due to an increased ABCAL and ABCGL1 expression, thereby promoting
reverse cholesterol transport. Finally, Nod-deficient mice showed increased cholesterol
and coprostanol content in the cecum, which correlates with an elevated, even though not
significant, relative abundance of the gut bacterium Eubacterium coprostanoligenes that

metabolizes cholesterol to coprostanol.

These results identified NOD1 and NOD2 - at different levels — as comprehensive

regulators in vascular inflammation, cholesterol metabolism and atherogenesis.
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4.4  Zusammenfassung

Im Rahmen dieser Arbeit wurden zwei separate Projekte bearbeitet: zum einen die NOD-
abhangige miRNA Regulation und deren Einfluss auf die endotheliale Zytokinexpression
als wesentlicher Bestandteil der vaskularen Inflammation. Zum anderen wurde die Rolle
der Immunrezeptoren NOD1 und NOD2 innerhalb der Atherogenese und des
Cholesterolmetabolismus charakterisiert. NOD1 und NOD2 gehdren zur Proteinfamilie
der Pattern Recognition Rezeptoren, welche fir die Pathogenerkennung und

nachgeschaltete angeborene Immunantwort relevant sind.

Innerhalb des ersten Projektes wurden in murinen primaren Lungenendothelzellen nach
NOD Aktivierung drei differentiell regulierte miRNAs nachgewiesen: miR-147-3p, miR-
200a-3p und miR-298-5p. Basierend auf der aktuellen Literatur und in dieser Arbeit
durchgefuhrten in-silico Analysen konnten die Zytokine TNF-o und IL-6 als potentielle
Zielgene der miRNAs miR-147-3p und miR-298-5p identifiziert werden. Dies wurde
anhand einer verminderten Expression von TNF-o und IL-6 nach Transfektion mit
entsprechenden miRNA mimics validiert. Da eine NOD Stimulation zur reduzierten
Expression dieser beiden miRNAs fuhrt, implizieren diese Ergebnisse einen miRNA-
abhéangigen, verstarkenden Effekt der NOD Stimulation auf endotheliale

Zytokinexpression und vaskulare Inflammation.

Im zweiten Projekt konnte gezeigt werden, dass eine systemische Deletion von NOD1
und NOD2 zu verringerter Lipideinlagerung und  Ansammlung von
Monozyten/Makrophagen im atherosklerotischen Plaque fiihrt. Dies geht mit reduzierten
Plasma Cholesterolwerten einher und kann verschiedene Ursachen haben: zum einen
zeigen Nod-defiziente Tiere eine erhdhte LRP1 Expression in der Leber, was auf eine
verstarkte hepatische Cholesterolaufnahme hinweist. Makrophagen Nod-defizienter
Mause weisen eine verstarkte Expression der Cholesteroltransporter ABCAL1 und
ABCG1 und eine reduzierte Schaumzellbildung auf, was einen gesteigerten reversen
Cholesteroltransport in Nod-defizienten Mausen nahelegt. Weiterhin konnte deutlich
mehr Cholesterol und ein erhohtes Vorkommen des Cholesterol metabolisierenden
Darmbakteriums Eubacterium coprostanoligenes in Coecen Nod-defizienter Mé&use

nachgewiesen werden.

Diese Ergebnisse identifizieren NOD1 und NOD?2 als essentielle Regulatoren innerhalb

der Inflammation, des Cholesterolmetabolismus und der Atherogenese.
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5.1 List of used chemicals

Acetone Acros Thermo Fisher Scientific, Waltham
BSA Carl Roth, Karlsruhe

Chloroform Sigma-Aldrich Merck, Darmstadt
Collagenase Worthington Biochemical Corp., Lakewood
D-Glucose Sigma-Aldrich Merck, Darmstadt
DMEM/F-12 Gibco Thermo Fisher Scientific, Waltham
ECGS-H PromoCell, Heidelberg

EDTA Carl Roth, Karlsruhe

Ethanol Carl Roth, Karlsruhe

FCS PAN-Biotech, Aidenbach

Fibronectin PromoCell, Heidelberg

Formalin Carl Roth, Karlsruhe

GlycoBlue Invitrogen Thermo Fisher Scientific, Waltham
Hanks BSS Sigma-Aldrich Merck, Darmstadt
Hematoxylin Gill No. 2 Sigma-Aldrich Merck, Darmstadt

human dil-oxLDL Kalen Biomedical, Germantown
Hydrochloric acid J.T. Baker Thermo Fisher Scientific, Waltham
Hydrogen peroxide Merck, Darmstadt

Insulin Sanofi, Paris

Isoflurane Abbvie, North Chicago

Isopropanol Sigma-Aldrich Merck, Darmstadt

Lipofectamine® RNAIMAX Reagent  Thermo Fisher Scientific, Waltham
MDP InvivoGen, San Diego

Megaplex RT Primers (rodent Pool A) Thermo Fisher Scientific, Waltham
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Methanol

miRIDIAN mmu-miR-147-3p
miRIDIAN mmu-miR-298-5p
miRIDIAN mimic negative control#1
Oil Red O

Opti-MEM® Medium

PBS

Penicillin/Streptomycin

Picric acid

Power SYBR Green
Propane-1,2-diol

RNAse free water
RNA-Solv® Reagent

RPMI 1640 - GlutaMAX
TagMan Fast Advanced
Tissue Tek OCT

Tri-DAP

Tris Hydrochlorid
Trypsin-EDTA

Tween-20

VectaMount™AQ

Carl Roth, Karlsruhe

Dharmacon, Lafayette

Dharmacon, Lafayette

Dharmacon, Lafayette

Sigma-Aldrich Merck, Darmstadt
Thermo Fisher Scientific, Waltham
Sigma-Aldrich Merck, Darmstadt
Sigma-Aldrich Merck, Darmstadt

Merck, Darmstadt

Thermo Fisher Scientific, Waltham

Carl Roth, Karlsruhe

Ambion Thermo Fisher Scientific, Waltham
Omega Bio-tek, Norcross

Thermo Fisher Scientific, Waltham
Thermo Fisher Scientific, Waltham
Sakura, The Netherlands

InvivoGen, San Diego

Carl Roth, Karlsruhe

Gibco Thermo Fisher Scientific, Waltham
Carl Roth, Karlsruhe

Vector Laboratories, Burlingame
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Ann-Kathrin Vlacil

BahnhofstraBe 18

35037 Marburg

Phone: 017656758703

E-Mail: kocha@staff.uni-marburg.de

Personal details

Date of birth: 18.04.1990

Place of birth: Fulda

Family status: married, birth name: Koch

Education

Philipps — Universitat Marburg 05/2015 - present

PhD student Department of Inner Medicine - Experimental Cardiology

Philipps — Universitat Marburg 10/2012 -10/2014
M. Sc. ,Human Biology™ - profession: Cell biology

Johannes Gutenberg - Universitat Mainz 10/2009 -04/2012
B.Sc. ,Molecular biology™

Research experience

Philipps - Universitat Marburg, PhD Student
Principal Investigators: Bernhard Schieffer / Karsten Grote

Characterization of two innate immune receptors NOD1 and NOD2 and their role during
atherogenesis and vascular remodeling in a murine knockout model prone to atherosclerosis

e Investigated lesion burden, monocyte infiltration, glucose and insulin tolerance,
plaque characteristics, inflammation, lipid metabolism

e Isolated primary endothelial cells, dendritic cells and bone-marrow derived cells and
conducted subsequent in-vitro assays, identified microRNA regulation

e Performed electrical carotid injury and examined tissue remodeling

Philipps - Universitidt Marburg, M.Sc.
Principal Investigators: Andreas Burchert / Christin Schitz

Generation and initial characterization of different IRF-8 point mutations within murine
lymphatic cells

e Created 7 different point mutations within the IRF8 gene and transfected subsequent
retrovirus producer cell line, infected Ba/F3 as target cell line

e Examined IRF8 and target gene expression, apoptosis and proliferation

e Integrated point mutations into an inducible system

Johannes Gutenberg - Universitat Mainz, B.Sc.
Principal Investigators: Jurgen Markl / Vanessa Méller

Recombinant expression and analysis of the acetylcholine-binding protein (AChBP) of
Biomphalaria glabrata

e Executed recombinant expression of AchBP in E.Coli after cloning
e Extracted and purified AchBP protein, identified disulfide bridge formation

Voluntary research internships 05/2012 - 08/2012
at Waterford Institute of Technology (Ireland),

Pharmaceutical and Molecular Biotechnology Research Center (Dr. Coffey)

at Philipps- Universitat Marburg,

Department of Physiology and Pathophysiology (Prof. Dr. Dr. Daut)

Voluntary research internship 09/2011 - 10/2011
at TU Miunchen / Garching Department of Biotechnology (Prof. Dr. Buchner)
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Technical skills

Cell culture: Experienced in isolating primary cells (murine lung endothelial cells,
dendritic cells and bone marrow derived macrophages) as well as
handling mammalian cell lines (human and murine endothelial
cells, monocytes/macrophages and fibroblasts.

Molecular biology: DNA / RNA isolation, real-time PCR, SDS-PAGE, mutagenesis and
cloning, microRNA transfection and detection
Immunology: Western blotting, ELISA, Co-Immunoprecipitation, Flow cytometry

(LSRII), (immuno-)histochemistry, flourescence microscopy,
magnetic cell sorting

Animal work: Handling and preparation, murine model for atherosclerosis,
electrical injury model for tissue remodelling

Clinical samples: Isolation and investigation of PBMCs from patient blood samples

Software: MS Office, Graph Pad Prism, Image ], FlowJ]o

Meetings and presentations

e German Society of Cardiology (DGK) Mannheim, Poster presentation 2016, 2017 and
2018

e German Society of Atherosclerosis Research (DGAF) Rauischholzhausen, Poster
presentation 2016 and 2017, oral presentation 2018

e Participation in the International Atherosclerosis Research (iARS) School 2017,
Prague

e European Atherosclerosis Society (EAS) Lissabon, poster presentation 2018

e Participation in the Bayer Cardiovascular Workshop 2018 at Cape Cod

Honours and awards

01/2018 EAS Young Investigator Fellowship 2018
04/2016 Hans-Kaffarnik Poster Prize DGAF Annual Meeting

Certified courses and languages

“Laboratory Animal Science" Philipps-University Marburg

“Internal University Consultation™ Philipps-University Marburg

Workshop Marburg University Research Academy: “Speak up!Rhetoric basics"

Workshop Marburg University Research Academy: “How to design scientific figures®
“Italian for Beginners” Al Certificate, Fremdsprachenzentrum Philipps-University Marburg
“Leadership for Engineers” DelftX, edX-course

“Introduction to Project Management” AdelaideX, edX-course

Leica Microscopy workshop, Philipps-University Marburg

Participant of the ProCareer.Doc Mentoring Program 2017/2018

German: mother language
English: fluent in spoken and written

Volunteer work and other services

e Supervised medical students during their molecular biology and biochemistry
internship, reference: Andreas Goébeler, Philipps-Universiy Marburg
e Guided bachelor and master students, Philipps-University Marburg
e Assisted children aged 10-13 in climbing and bouldering, JDAV 2016 - 2018
Member of Molecular Biology and Biochemistry Society (GBM) and German Alpine Association
Member of Scandinavian Society for Atherosclerosis Research (SSAR)
Member of European Atherosclerosis Society (EAS)


https://courses.edx.org/courses/course-v1:AdelaideX+Project101x+2T2016/info
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Publications

Oberoi R*, Vlacil AK*, Schuett J, Schoesser, F, Schuett H, Tietge U, Schieffer, B,
Grote K. (2018) Evaluation of an anti-tumor necrosis factor-a therapy in a mouse
model of experimental atherosclerosis, Atherosclerosis 277:80-89

Schuett J, Kreutz J, Grote K, Koch AK, Schuett H, Oberoi R, Witten A, Stoll M,
Schieffer B, Ruehle F. Suppressor of Cytokine Signaling 1 is Involved in Gene
Regulation Which Controls the Survival of Ly6Clow Monocytes in Mice, Cellular
Physiology and Biochemistry, accepted

Schuett J*, Schuett H*, Oberoi R, Koch AK, Pretzer S, Luchtefeld M, Schieffer B,
Grote K. (2017) The NADPH oxidase mediates Toll-like receptor 2/6-dependent
release of granulocyte macrophage colony-stimulating factor from endothelial cells.
FASEB 10.1096/fj.201600729R

Oberoi R, Schuett J, Schuett H, Koch AK, Luchtefeld M, Grote K, Schieffer B. (2016)
Targeting Tumor Necrosis Factor-a with Adalimumab: Effects on Endothelial
Activation and Monocyte Adhesion. PloS ONE 11(7):e0160145

Oberoi R, Bogalle EP, Matthes LA, Schuett H, Koch AK, Grote K, Schieffer B, Schuett
J, Luchtefeld M. (2015) Lipocalin (LCN) 2 Mediates Pro-Atherosclerotic Processes and
Is Elevated in Patients with Coronary Artery Disease. PloS ONE 10(9):e0137924

Review: Vlacil AK, Grote K, Schieffer B, Schuett J. Variety matters: Diverse
functions of monocyte subtypes in vascular inflammation and atherogenesis,
Vascular Pharmacology, S1537-1891(18)30147-2
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Dissertationsprojektes  und  seine  Unterstitzung  wahrend der  gesamten

Bearbeitungsphase.
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10 Ehrenwortliche Erklirung

Ich erklare ehrenwdrtlich, dass ich die dem Fachbereich Medizin Marburg zur
Promotionsprifung eingereichte Arbeit mit dem Titel ,,NOD1 and NOD2 in microRNA-
regulated vascular inflammation, cholesterol metabolism and atherogenesis™ in der Klinik
fir Kardiologie — Innere Medizin unter Leitung von Prof. Dr. Bernhard Schieffer mit
Unterstutzung durch PD Dr. Karsten Grote ohne sonstige Hilfe selbst durchgefthrt und
bei der Abfassung der Arbeit keine anderen als die in der Dissertation aufgefihrten
Hilfsmittel benutzt habe. Ich habe bisher an keinem in- oder auslandischen Medizinischen
Fachbereich ein Gesuch um Zulassung zur Promotion eingereicht, noch die vorliegende

oder eine andere Arbeit als Dissertation vorgelegt.

Ich versichere, dass ich samtliche wortlichen oder sinngeméaRen Ubernahmen und Zitate

kenntlich gemacht habe.

Mit dem Einsatz von Software zur Erkennung von Plagiaten bin ich einverstanden.

Vorliegende Arbeit wurde in folgenden Publikationsorganen veréffentlicht:
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